Breeding for cob traits in maize by Jansen, Constantin
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2012
Breeding for cob traits in maize
Constantin Jansen
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Genetics Commons, and the Oil, Gas, and Energy Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Jansen, Constantin, "Breeding for cob traits in maize" (2012). Graduate Theses and Dissertations. 12982.
https://lib.dr.iastate.edu/etd/12982
  
Breeding for cob traits in maize 
 
by 
 
Constantin Jansen 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
 
 
DOCTOR OF PHILOSOPHY 
 
Major: Plant Breeding 
 
 
Program of Study Committee: 
Thomas Lübberstedt, Major Professor 
Michael Blanco 
Jack Dekkers 
Michael Lee 
Dan Nettleton 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2012  
ii 
 
TABLE OF CONTENTS 
LIST OF FIGURES ....................................................................................................................................... v 
LIST OF TABLES ....................................................................................................................................... vii 
CHAPTER 1 GENERAL INTRODUCTION ..................................................................................................... 1 
Organization of the thesis .................................................................................................................... 4 
References ............................................................................................................................................ 4 
CHAPTER 2 TURNING MAIZE COBS INTO A VALUABLE FEEDSTOCK ......................................................... 7 
Abstract ................................................................................................................................................ 7 
Abbreviations ................................................................................................................................... 7 
Introduction ......................................................................................................................................... 9 
Renewed interest in cob utilization: prospects and limitations......................................................... 11 
Harvest and storage ....................................................................................................................... 12 
Economic feasibility ........................................................................................................................ 13 
Agronomic traits ................................................................................................................................. 14 
Cob composition ................................................................................................................................ 18 
Cob physiology, development, and evolution.................................................................................... 20 
Genetics of cob formation ................................................................................................................. 21 
Conclusions and perspectives ............................................................................................................ 25 
References .......................................................................................................................................... 28 
CHAPTER 3 GENETIC AND MORPHOMETRIC ANALYSIS OF COB ARCHITECTURE AND BIOMASS 
RELATED TRAITS IN THE INTERMATED B73XMO17 RECOMBINANT INBRED LINES OF MAIZE .............. 35 
Abstract .............................................................................................................................................. 35 
Introduction ....................................................................................................................................... 36 
Materials and methods ...................................................................................................................... 38 
Statistical analyses ......................................................................................................................... 40 
Quantitative trait locus mapping ................................................................................................... 42 
Results ................................................................................................................................................ 43 
Trait characteristics and correlations ............................................................................................. 43 
Correlations .................................................................................................................................... 44 
Path analysis ................................................................................................................................... 45 
Quantitative trait locus analysis ..................................................................................................... 46 
iii 
 
Discussion ........................................................................................................................................... 52 
Heritabilities and QTL ..................................................................................................................... 52 
QTL consistency, correlation and path analysis congruency ......................................................... 54 
Ideotype and implementation ....................................................................................................... 56 
Supplemental material ....................................................................................................................... 59 
References .......................................................................................................................................... 60 
CHAPTER 4 MAPPING QTL FOR COB ARCHITECTURE UNDER LOW AND NORMAL NITROGEN 
MANAGEMENT CONDITIONS ................................................................................................................. 64 
Abstract .............................................................................................................................................. 64 
Introduction ....................................................................................................................................... 65 
Material and methods ........................................................................................................................ 66 
Image analysis ................................................................................................................................ 67 
Statistical analysis........................................................................................................................... 67 
QTL analysis .................................................................................................................................... 68 
Results ................................................................................................................................................ 70 
Analysis of variance ........................................................................................................................ 70 
QTL results ...................................................................................................................................... 74 
Discussion ........................................................................................................................................... 80 
Interpretation of response to nitrogen treatments ....................................................................... 80 
Genetic characterisation of cob trait inheritance .......................................................................... 82 
QTL consistency within Syn10 and between Syn4 and Syn10 ....................................................... 83 
Candidate genes ............................................................................................................................. 85 
Use of IBMSyn10 for fine mapping ................................................................................................ 85 
Implementation for breeding ......................................................................................................... 86 
Acknowledgement ............................................................................................................................. 87 
Supplemental material ....................................................................................................................... 88 
References .......................................................................................................................................... 94 
CHAPTER 5 EXPERIMENTAL COB CROSSES AND BREEDING MATERIAL DEVELOPMENT ....................... 96 
Introduction ....................................................................................................................................... 96 
Material and methods ........................................................................................................................ 97 
Experiment 1 .................................................................................................................................. 97 
Experiment 2 .................................................................................................................................. 99 
iv 
 
Experiment 3 ................................................................................................................................ 102 
Results .............................................................................................................................................. 103 
Experiment 1 ................................................................................................................................ 103 
Experiment 2 ................................................................................................................................ 105 
Experiment 3 ................................................................................................................................ 110 
Discussion ......................................................................................................................................... 110 
References ........................................................................................................................................ 114 
CHAPTER 6 GENERAL CONCLUSIONS ................................................................................................... 116 
References ........................................................................................................................................ 119 
APPENDIX ............................................................................................................................................. 120 
Code 1 for MATLAB .......................................................................................................................... 120 
Code 2 for MATLAB .......................................................................................................................... 123 
ACKNOWLEDGEMENTS ........................................................................................................................ 127 
 
 
  
v 
 
LIST OF FIGURES 
 
Figure 2.1. Different ear shapes in Zea mays ........................................................................... 10 
Figure 2.2. Comparison of two cob sections collected at PI Station, Ames, IA. ....................... 15 
Figure 2.3. Feasibility of dual-purpose maize. .......................................................................... 16 
Figure 2.4. Relationships between cob traits, grain yield, and plant density all affecting cob 
yield. ......................................................................................................................................... 17 
Figure 2.5. Cob QTL and cob related genes mapped according to reported or estimated bins 
on the 10 maize chromosomes. ............................................................................................... 24 
Figure 3.1. Scheme for phenotyping cob traits. ....................................................................... 39 
Figure 3.2. Proposed Model B with diameter fitted as intervening variable. .......................... 41 
Figure 3.3. Chromosome map. ................................................................................................. 52 
Figure 4.1. Average cob weight (g; left) and grain yield (MT/ha; right) at normal (light grey) 
and limited (dark grey) nitrogen management for BUR10, MAR10, and BUR11 environments.
 .................................................................................................................................................. 80 
Figure 4.2. Average cob density (g/cm³; left) and cob length (cm; right) at normal (light grey) 
and limited (dark grey) nitrogen management for BUR10, MAR10, and BUR11 environments.
 .................................................................................................................................................. 82 
Figure ST 4.1. Chromosome maps for chromosomes 1–10 ..................................................... 93 
Figure 5.1. Grain yield at low and high planting density for listed genotypes. ...................... 104 
Figure 5.2. Cob yield at low and high planting density for listed genotypes. ........................ 104 
Figure 5.3. Comparison of crosses including the components MoWC and BSLE with the test 
hybrid DJ7/SG17. .................................................................................................................... 106 
Figure 5.4. Comparison of selected and unselected sources of MoWC crossed to DJ7 and 
SG17. ....................................................................................................................................... 106 
Figure 5.5. Grain yield (GY) and cob weight for six populations when crossed to DJ7, 
backcrossed to DJ7, and testcrossed to SG17 in comparison to cross DJ7/SG17. ................. 108 
Figure 5.5.6. Grain yield (GY) and single cob weight for four populations after backcrossing to 
DJ7 in comparison with DJ7/SG17. ......................................................................................... 109 
vi 
 
Figure 5.5.7. Comparison of alternative combinations for double crosses with increased 
allelic diversity for cob architecture related traits. ................................................................ 109 
 
  
vii 
 
LIST OF TABLES 
Table 2.1. Results from different studies presenting different elemental concentrations. .... 18 
Table 2.2. Ranges for cob trait values from a random selection of cobs from the PI Station in 
Ames, Iowa. .............................................................................................................................. 20 
Table 3.1. Statistics for all measured traits. ............................................................................. 44 
Table 3.2. Phenotypic and genotypic correlations. .................................................................. 45 
Table 3.3. QTL position and effects. ......................................................................................... 49 
Table 3.4. Additional QTL found using comparison wise thresholds with reselection of 
cofactors. .................................................................................................................................. 51 
Table ST 3.1. Model fit criteria. ................................................................................................ 59 
Table ST 3.2. Direct, indirect and total effects of Model A, A-AIC, B, and B-AIC ..................... 59 
Table 4.1. Means, standard deviations, minimum, maximum, and coefficients of variation at 
low and high nitrogen management for BUR10, MAR10, and BUR11. .................................... 70 
Table 4.2. ANOVA results 2010 and over all trials. ................................................................... 71 
Table 4.3. ANOVA results for BUR10, MAR10, and BUR11. ..................................................... 72 
Table 4.4. Plot based (rplot
2) and entry mean based repeatability (rmean
2) in %. ...................... 73 
Table 4.5. Genotypic and phenotypic correlations. ................................................................. 74 
Table 4.6. Number of QTL and total sum of explained phenotypic variance R² (in %) using 
CWT (α = 0.001). ....................................................................................................................... 77 
Table 4.7. Number of QTL located within 10 cM regions in different trials and average 
correlation across traits. ........................................................................................................... 77 
Table 4.8. Number of QTL and total sum of explained phenotypic variance R² (in percent) 
using CWT (α = 0.01). ................................................................................................................ 87 
Table ST 4.1 Correlations in 2010 NN, LN and 2011 NN and LN across trials for all cob traits 
and grain yield (GY). .................................................................................................................. 88 
Table ST 4.2 QTL positions using comparison wise thresholds (CWT; α = 0.001) (continued on 
next pages). .............................................................................................................................. 89 
Table ST 4.3 Monthly precipitation (mm) and 60 year-average near field trial locations. ...... 92 
viii 
 
Table 5.1. Overview of the genotypes and genotype combinations planted and analyzed in 
2010. ......................................................................................................................................... 99 
Table 5.2. Overview over selected 2009 selected single plants for new DH7-F1 ................... 100 
Table 5.3 Genotypes planted in 2011 with LSmeans for grain yield (GY) and cob weight (CW)
 ................................................................................................................................................ 101 
  
  
GENERAL INTRODUCTION 
The large majority of maize is grown for its grain only. A progressively increasing energy 
demand combined with limited reserves of fossil sources are causing prices to rise and make 
it worth to consider using cellulosic feedstock such as cobs and stover as alternative sources 
(USEIA 2011, Reese 2009, Jansen and Lübberstedt 2011). The advantages of maize cobs as 
cellulosic feedstock are based on its compact architecture and high fraction of cellulose and 
hemicellulose. Cobs are low in ash content, nutrients, and minerals and their harvest will 
likely not deplete the soil. They can also be transported and stored more efficiently than 
stover. To better utilize this resource, involved technologies, farming practice, and ultimately 
maize genetics need to be further optimized. If farmers consider cob harvest, dual-purpose 
hybrids which show high and stable grain yield in combination with high and stable cob 
yield, would be superior to traditional grain hybrids. However, knowledge is limited about 
the inheritance of cob traits, their genetic basis and diversity, and their relation to other 
traits such as grain yield or planting density. This information is crucial to evaluate feasibility 
and successfully breeding for dual-purpose maize hybrids.  
To further investigate the potential of “turning cobs into a valuable feedstock” is the 
objective of an extensive literature review included in this study. For farmers, soil 
sustainability issues and economics of additional inputs of time and equipment during 
harvest, storing, and transport are of primary interest when considering cob harvest (Reese 
2009, Zych 2008). For the processing industry, cob biomass quality, price, and conversion 
technologies are crucial. For plant breeders, to decide for breeding strategies, parent 
selection and resource allocation, all these questions need to also include the genetic 
makeup of the involved traits, available variation and availability of genetic resources. 
Cob traits like cob diameter or cob weight have been object of only a few QTL studies in the 
past, while cob related ear and grain yield traits such as ear length, ear diameter, kernels per 
ear, kernels per row or number of kernel rows have been measured for QTL detection more 
frequently (Beavis 1994, Choe 2006, Hoisington 1994, Li et al. 2009, Li et al. 2010, Liu et al. 
2007, Rocheford 2006, Ross 2002, Sabadin et al. 2008, Tang et al. 2010, Upadyayula 2006, 
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Veldboom and Lee 1996,). More conclusive traits include cob volume and cob tissue density. 
However, cob volume and density are relatively difficult to measure and have not been of 
interest when breeding for grain yield. Therefore, information about these traits is limited to 
studies in pipe corn where cob durability and crushing strength are of major interest (Loesch 
et al. 1976) and studies for classification of maize races (Goodmann and Paterniani 1969).  
Genetic mapping of quantitative trait loci (QTL) has a long history impacted by the evolution 
of molecular markers. Techniques and statistics have frequently been advanced and 
reviewed (Bernardo 2008, Bromann 2001, Doerge et al. 1997, Farquar and Kearsey 1998, 
Jansen 1994, Lander and Botstein 1989, Paterson 2002, Wright and Mowers 1994, Zeng 
1994). A variety of biparental population types, including F2, backcross, recombinant inbred 
line, and doubled haploid line populations, have been used to build up linkage disequilibrium 
(LD) to study segregating traits (Paterson 2002). With the use of inbred or doubled haploid 
lines, only additive effects can be estimated, while backcross and F2 populations require 
more complex models including dominance effects. Based on statistical methods, Li et al. 
(2006) distinguish three main QTL mapping methods including the most recent, but least 
employed, Baysian models (Sillanpää and Corander 2002) and more commonly used 
maximum likelihood methods, and regression analyses (Doerge et al. 1997, Haley and Knott 
1992, Whittaker et al. 1996). As opposed to single marker mapping, where the QTL effect 
and the genetic distance between marker and QTL are confounded, known marker positions 
and marker intervals are used during interval mapping to separately estimate these 
parameters (Lander and Botstein 1989). Test locations within a marker interval are 
represented by flanking molecular markers and probabilities are calculated with respect to 
possible recombination events between them and the candidate location. QTL effects at a 
given candidate genome region are estimated based on the likelihood of obtaining the 
phenotypic values observed for each of the two allele classes for multiple markers compared 
to the expected segregation under independence, i.e., allele effects equal to zero. For each 
test location, the likelihood ratio or the logarithm of the odds (LOD; Lander and Botstein 
1989) is scored and QTL are called when scores exceed a certain threshold. If this basic 
concept of simple interval mapping (SIM) is extended to inclusion of cofactors accounting for 
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and reducing the error from QTL effects outside of an interval, SIM converts to composite 
interval mapping (CIM; Zeng 1994). CIM combines multiple regression with interval mapping 
and has been widely used for QTL analyses mostly due to implementation in the freely 
available software Win QTL Cartographer (Wang et al. 2005, Doerge et al. 1997, Li et al. 
2006). The accuracy and precision of mapping results depends on the resolution of the 
genetic map. Sufficiently dense marker coverage is beneficially capturing recombination 
events between parental haplotypes as long as colinearity of markers is avoided (Doerge et 
al. 1997). Further improvement comes with increasing heritability of the trait and increased 
degrees of freedom resulting from a larger number of lines representing the segregating 
genome regions. Reduced environmental error by testing those lines in multiple 
environments increases heritability (Doerge et al. 1997, Li et al. 2006). 
 
Breeding for dual-purpose maize might possibly benefit from genetic resources, which reach 
beyond the rather narrow germplasm used in commercial breeding for grain (Goodmann 
2005). Therefore, experimental crosses between accessions with extreme cob morphology 
and prominent inbred lines with recently expired plant variety protection (PVP) were 
produced for evaluation in this study. To also impose possible breeding approaches, early 
test hybrids, back- and double crosses were attempted. Double crosses combine at least two 
contrasting genetic resources. In addition, a doubled haploid line (DHL) population was 
produced from one of the double crosses. Doubled haploid populations show major 
advantages for genetic studies, including simplification to additive effects and fast recovery 
of homozygous lines (Geiger 2009). 
This study covers various aspects relevant for possibly implementing dual-purpose maize 
from theoretical consideration over experimental genetic evaluation to generation of initial 
germplasm. Therefore, the objectives of this thesis are to i) summarize the current facts 
about feasibility of dual-purpose maize with respect to industrial engagement and on farm–
economics, available and upcoming technology, cob physiology and morphology and their 
genetic basis in relation to grain yield, ii) identify genome regions associated with cob 
morphological traits in prominent germplasm, iii) analyze the interrelation and 
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characteristics of cob morphological traits and grain yield, iv) evaluate the effect of limited 
nitrogen on cob morphological traits v) document, evaluate, and interpret experimental 
crosses towards germplasm enhancement for diverse cob architecture and dual-purpose 
maize. 
Organization of the thesis 
This thesis contains one published review article (chapter 2) and one submitted manuscript 
(chapter 3) and one manuscript in preparation for submission (chapter 4). In the fifth 
chapter, additional experiments are described, which were carried out to initiate, and 
evaluate potential breeding approaches and genetic resources to improve cob biomass in 
elite germplasm. The conclusions of all studies are summarized in a final chapter (chapter 6). 
Due to the extensive literature review in chapter 2, the general introduction was kept brief. 
However, additional literature crucial for particular experiments will be introduced and 
discussed within the according chapters. 
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 TURNING MAIZE COBS INTO A VALUABLE FEEDSTOCK 
A paper published in BioEnergy Research 
Constantin Jansen
1
, Thomas Lübberstedt
1
 
Abstract 
With rising energy demand and limited resources, the need for alternative energy 
production is increasing. Maize cobs have an advantageous composition for the production 
of biofuels such as cellulosic ethanol, but are currently left unused on the fields after 
harvest. Furthermore, cobs contain a low concentration of nitrogen (<1%). Therefore, cob 
harvest will not deplete soil fertility. Consequently, maize cobs are a cheap and promising 
source for sustainable energy production. Yet with primary focus on grain yield, no or little 
effort has been spent to increase cob biomass yield in addition to grain yield. Both cob and 
grain yield are complex inherited traits affected by environment. Breeding of dual-purpose 
maize varieties with simultaneously increased cob and grain yield require a deeper 
understanding of factors influencing both cob and grain development. In this article the 
available knowledge on the genetics of cob formation, and current and future applications of 
maize cob utilization are discussed to evaluate the prospects for development of dual-
purpose maize varieties. 
Abbreviations 
ADL Acid detergent lignin 
ba1 Barren stalk1 
ba2 Barren stalk2 
BC1S1  Back cross 1 self 1 
bm Brown midrib 
bm1 Brown midrib1 
                                                           
1 Department of Agronomy, Iowa State University, Ames, Iowa, 50011 
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bm2 Brown midrib2 
bm3 Brown midrib3 
C Carbon 
Ca Calcium 
CCM Corn cob mix 
ct2 Compact plant2 
CY Cob yield 
DM Dry matter 
DNA Desoxyribonucleic acid 
F1 Filial 1 generation 
F2:4 Filial 2:4 generation 
F4 Filial 4 generation 
fea2 Fasciated ear2 
GEM Germplasm Enhancement of Maize 
GY Grain yield 
H Hydrogen 
IBM Intermated B73xMo17 
K Potassium 
K2O Potassium oxides 
MAS Marker assited selction 
Mg Magnesium 
N Nitrogen 
NOx Nitrogen oxides 
O Oxygen 
P Phophorus 
P2O5 Phosphorus oxides 
Ph1 Pith abscission1 
PI station Plant introduction station 
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PVP Plant variety protection 
QTL Quatitative trait locus/loci 
ra1 Ramosa1 
Ri1 Rind abscission1 
S Sulfur 
SxOy Sulphur oxides 
td1 Thick tassel dwarf1 
te1 Terminal ear1 
TEP Theoretic ethanol potential 
TYP Theroretic ethanol yield potential 
Introduction 
With rising energy demand and limited resources the need for alternative energy production 
is increasing. The world population is growing and demands more energy each year. Over 
the last 60 years, the energy demand in the U.S. increased in a linear fashion with an annual 
increase of 350 billion kWh. In contrast, the annual increase in energy produced from 
biomass was only about 24 billion kWh per year (about 70 billion per year between 2001 and 
2008, close to 0 between 1995 and 2001 [1]). 
Maize cobs are a broadly available biomass resource at low cost, which can be used for 
energy production both as liquid fuel or for combustion. Country-wide, more than 50 million 
t of cobs, with a burning value of more than 4kWh/kg, are mostly left in the field to decay [2-
4]. Cobs have favorable properties, including high burning value, low ash, and water, 
sulphur, and nitrogen contents, so that cobs produce few harmful oxides when burned, and 
their broad abundance enable a wide array of applications. Moreover, there is a broad range 
of variation in Zea mays for ear shape and cob characteristics (Figure 2.1). A broad genetic 
variability in cob diameter and tissue distribution has also been illustrated among Mexican 
maize races in 1952 [5]. 
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Figure 0.1. Different ear shapes in Zea mays  
From top left to bottom right: Gourdseed, Example of fasciated ear, Argentine popmaize, Strawberry 
popcorn, Popcorn inbred, Thomas Jefferson, Example of Ramosa mutation, Carroll Moore. All 
samples are from the PI Station, Ames, IA. 
 
The idea to use the residual-maize cob is not new: 60 years ago Lenz [6] highlighted the 
increasing role of cobs for feeding, chemical industry, and fuel production. Moreover, cobs 
have already been burned by early settlers and natives [7]. Besides for the production of 
chemicals like furfural [8] or the sugar replacement xylitol [9,10], cobs are ground and used 
as absorbent (Complete Environmental Products, Inc, Pasadena, TX; Green Products 
Company, Conrad, IA), blasting material (Kramer Industries, Inc, Piscataway, NJ), and animal 
bedding [11]. When burning cobs to produce heat and energy for drying grain [12] or other 
purposes, the ash can be used to partly replace pozzolan in cement [13] or to be returned to 
the field to recycle minerals and microelements. New perspectives for cobs come from 
promising test results in conventional power plants, where coal could be partly replaced by 
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cobs [14]. Maize cobs are also considered for oil production via fast pyrolysis and the 
production of activated carbon [15]. Other products like maize pipes, filler or carrier 
substrates are further discussed by Foley and Vander Hooven [16]. 
The objective of this article is to i) summarize potential and limitations of future cob 
utilization according to market and technologies used in harvest, storage and processing, ii) 
present genetic variation of agronomic cob traits and their impact on cob biomass, iii) review 
cob physiology and iv) genetics of cob formation to v) provide a conclusive perspective on 
economic and genetic feasibility of turning cobs into a valuable feedstock. 
Renewed interest in cob utilization: prospects and limitations 
New projects were recently initialized to use maize cobs on a larger scale. The biggest 
demand for maize cobs in the U.S. Corn Belt might come from plants for cellulosic ethanol 
production. The initial Project Liberty Plant (Emmetsburg, Iowa) will require 770 tons of cobs 
and further plant residuals per day (POET, Sioux Falls, SD [17]). After harvesting and 
transporting the lignocellulosic raw materials to refineries, cellulosic ethanol is obtained by 
acid hydrolysis, thermochemical processes, enzymatic hydrolysis or a combination of those 
three [18]. The methods differ in their efficiency for sugar recovery and their speed and 
additional cost for energy input. Generally, lignocellulosic plant parts have to be broken 
down by heat, chemicals, pressure, or other pretreatment [19,20] to release cellulose and 
hemicelluloses. Bacteria or yeast (Saccharomyces cerevisiae) decompose these cell wall 
compounds into sugars, and ferment those to ethanol either after hydrolysis or 
simultaneously, followed by a distillation step [18,19,21]. Competitive capacity of cellulosic 
ethanol production will benefit from further achievements like yeast strains fermenting 
pentoses from hemicelluloses [21], improved bacteria [22], enzymes, engineering of biomass 
supply [23], and harvest technology. 
The Chippewa Valley Ethanol Company in Benson, Minnesota uses cobs and wood chips for 
gasification to provide the required thermal energy for ethanol production. To effectively 
limit processing costs when feeding into the gasifier system, they take advantage of the near 
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pellet character of cob pieces [24]. SynGest (Menlo, Waukee, Iowa) pursues the production 
of BioAmmonia™ using pure nitrogen from air and hydrogen, derived from a pressurized 
oxygen-blown biomass gasifier. Cob biomass is converted into hydrogen and carbon 
monoxide (SynGest San Francisco, CA [25]). Overall the company claims to be able to 
produce nitrogen fertilizer for more than twice the acreage of maize, which is needed for the 
required cobs [26]. Furthermore, maize cobs might increasingly be requested for 
substituting coal in power plants [14]. 
Soil fertility is a concern, if too much organic matter is removed from the field [27,28]. 
Scenarios of total or partial plant harvest have been evaluated [29], whereas no soil fertility 
study is available on the effect of exclusive cob removal to date. The biomass removed with 
cobs ranges between 10 and 20% of the grain weight [30,31]. Due to the limited biomass of 
cobs compared to stover, and their low nitrogen content below 1% (Table 1.1), soil fertility is 
unlikely to be affected by cob harvest with inexpensive fertilizer compensation [32].  
Harvest and storage  
Different cob harvest and storing systems are under development. The challenges are to 
separate cobs from grain (and potentially stover), without slowing down the harvest. 
Effective storing and transportation of cobs with minimal losses must be achieved for year-
round availability.  
At least 12 companies are testing cob harvest technologies [17]. Usually three harvest 
methods are distinguished: whole cob collection, corn cob mix (CCM), and dual-stream 
harvest. The whole cob collection requires a functional wagon referred to as “cob-caddy”, 
which is pulled behind the combine and collects all residuals to separate cobs from other 
stover parts based on the higher density of cobs [33]. Cobs collected in the wagon are 
loaded on trucks or are piled at field borders. Grain is collected in the combine while all 
other residuals beside the cob remain in the field. For the CCM method an existing combine 
can be easily modified with different sieves and chaffers so that cobs are simultaneously 
collected with the grain [34,35]. Dual-stream harvest is expected to be the fastest method 
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but yet least developed. Here an attachment on the back of the combine separates cobs, 
grain and stover and cobs are deported to a parallel truck [35]. 
Since cobs are harvested only once per year, they need to be stored for conversion into 
biofuels throughout the entire year. Stability for low storage losses and high bulk density 
minimize costs. Low moisture and high cell wall stability increase storage quality by reducing 
rot and degradation [36-38]. Cob (bulk-) density varies between 110 to 250 kg/m³ and is 
mainly affected by cob shape and moisture content [39,40]. Density of chopped stover is 
lower with 71 kg DM/m³ in the truck but with 140 kg DM/m³ in the bag silo or baled it is 
comparable to loose cobs [37,41,42]. However, bulk density of dry cobs can be changed by 
modifying cob density and architecture, and by densification using shredding, grinding, and 
compressing cobs with additional energy input. Density increases to 1100 to 1120 kg/m³ by 
densification under pressure (150 MPa) and high temperatures of 85 °C [39]. Differences in 
crushing strength between genotypes have been reported for pipe corn [43]. Bulk density is 
further affected by attached husks: a husk free harvest will give the best results for grinding 
and bulk density. However, reports about genetic variation for the breaking point, where the 
ear detaches from the stalk during harvest, are lacking so far. Changes of bulk density occur 
during storage due to altering temperature and moisture, varying pressure in piles or silos, 
and cob yield losses occur due to biomass degrading fungi and bacteria [41]. Genetic 
variation for most properties is available and can be exploited to optimize cobs for dual-
purpose usage. 
Economic feasibility 
From an economic perspective, the price for additional input in fertilizer, gas, equipment, 
and labor for cob harvest and transportation, must be met by the price industry is able to 
pay for cobs. While industry calculates with prices for cobs between $30 and $50 per ton 
[24], a price estimated to be attractive for farmers is $100 per ton [44]. For feasibility of cob 
harvest, the quality and density of cobs, the farm specific efficiency, equipment costs, and 
distance to the plant and storage area are the most important factors [41,44]. Since 
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technical and genetic potential are not fully realized, neither at processing nor at production 
level, economic feasibility of dual-purpose maize is a realistic goal. 
Agronomic traits 
For developing dual-purpose maize, where maize cobs are simultaneously improved with 
grain yield, understanding the relationship between cob traits and grain yield is crucial. Cob 
dry matter (DM) weight ranges from 6 to 24% of the grain yield at 15.5% moisture [30,45]. If 
sufficient N is applied, cob yield increases [46]. At high N-supply, cob biomass yield is about 
20% of the grain yield. At low N-supply, cob yield decreases in absolute terms, while the 
ratio of cob to grain yield increases [31]. Halvorson and Johnson [47] developed a regression 
model for cob biomass yield (CY) and grain yield (GY) from empirical data in the range of 4 to 
17 t/ha (CY in t/ha = 0.096 t/ha GY + 0.436 t/ha). This regression model successfully 
predicted the data from Lorenz et al. [45], where for genotypes with low GY, CY reached up 
to 22% of GY, but for genotypes with high GY, the CY/GY ration was as low as 6%. Genotypes 
with high GY showed a lower CY/GY-ratio. However, GY and absolute CY were positively 
correlated (0.87) [47], so that cultivars with high GY showed also high CY performance 
[24,45,47]. 
Cobs with more extreme sizes in length (length >30 cm) and diameter (diameter >5 cm) can 
be found (Figure 2.2). Randomly drawn recent hybrids show cob diameters from 2.6 to 2.7 
cm and ear lengths from 16.7 cm to 19.7 cm [48-50]. A set of Plant Variety Protection (PVP)-
lines preferably used in U.S. hybrids and their progenitors showed no change over 
generations for cob diameter at around 2.3 cm (139 comparisons) but a decrease in length 
from 14.8 for the progenitors to 14.2 cm for the resulting PVP lines on a per se level (126 
comparisons) [51]. This indicates limited variation in elite materials. Genetic resources to 
broaden genetic variation for cob characteristics are available in germplasm collections 
(Table 1.2). Cob length varied from 6.2 to 24.7 cm and cob diameter varied from 1.2 to 3.8 
cm among those randomly chosen accessions, and total volume of the cobs ranged from 14 
to 184 cm³. 
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Figure 0.2. Comparison of two cob sections collected at PI Station, Ames, IA. 
The substantial difference between a pipe corn cob and an ear from a commercial hybrid is 
highlighted for cob diameters and cob tissue fractions. Pipe corn types are selected for big strong 
cobs but do not show economic grain yield potential (grain not shown). Left: pipe corn without seed, 
right: commercial hybrid with seed. The bar indicates the radius fraction of pith (white), woody part 
(black) and seed (gray, only for commercial hybrid).  
 
The combination of favorable agronomic traits in dual-purpose maize could be hampered by 
negative correlations among those traits or their components. Cob diameter as well as 
length is mostly positively correlated with GY [43,52,53]. In contrast, Ross [54] found no 
significant correlation between cob diameter and GY (-0.04) and Loesch et al. [43] found no 
significant correlation of cob length and GY (-0.06) in pipe corn. Additionally, selection for 
long ears did not increase GY after multiple cycles of selection [55]. Correlations between 
cob length and cob diameter ranged from -0.22 to 0.25 [43,52-54]. In conclusion, 
simultaneous improvement of CY and GY is promising. However, the optimal cob ideotype is 
not obvious from previous data. Thus CY can be increased by focussing on different 
components (Figure 2.3). 
The most promising approach to increase CY might be to increase cob density. Variation for 
cob tissue composition for sclerenchyma influencing cob density was found among several 
South American populations [6]. Strong and dense pipe corn cobs with a constant large 
diameter over the whole cob length have been developed to produce pipes [43]. Densities 
ranged between 0.37 and 0.46 g/ml for pipe corn, whereas values between 0.10 and 0.45 
g/ml were obtained for diverse materials from the PI station (Table 1.2). GY and cob density 
were uncorrelated, and cob density was also uncorrelated to cob length, diameter, and 
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weight [43]. Density, therefore, appears to be a trait positively affecting CY, while not 
interfering with GY. 
 
Figure 0.3. Feasibility of dual-purpose maize.  
 
Realisation of dual-purpose maize depends on the genetic relationships between grain development, 
cob composition, and shape indicated by double helix symbols. Feasibility is further dependent on 
harvest, processing, densification and conversion technologies, and the effect of cob removal on soil 
fertility. Finally, acceptance by farmers will depend on market prices resulting market developments. 
 
Another relevant agronomic trait affecting cob formation is adaptation to high plant density 
and maturity. Plant density has a major effect on GY, with modern hybrids adapted to high 
plant densities [56]. A lower plant density increases cob weight, cob length, cob diameter, 
pith diameter, crushing strength, cob density, and kernel weight in pipe corn types [43]. If 
genotypes with increased CY cannot be adapted to high stand densities, the optimal plant 
density for dual-purpose maize might be different from common grain hybrids (Figure 2.4). 
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Figure 0.4. Relationships between cob traits, grain yield, and plant density all affecting cob yield.  
Light arrows indicate positive correlations, dark arrows indicate negative correlations, and question 
marks indicate unknown or contradictory relationships reported or depending on yield level. Cob 
biomass yield (CY) can be increased by tissue density, cob volume or cropping adjustments in 
planting density for suitable germplasm, where harvest date can influence both, grain yield (GY) and 
CY. Since GY and CY are positively correlated, a simultaneous improvement of both traits is possible. 
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?
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Cob composition 
In addition to CY, the composition of cobs is critical for their utilization, depending on the 
conversion technology. Overall nitrogen, phosphorus, calcium, magnesium, and sulphur 
concentrations in cobs do not exceed 1% while values for potassium are around 1% (Table 
1.1;Table 0.1 [15,16,42,47,57-66]). The concentration of carbon is about 45% with little 
variation. Values for oxygen are about the same but with a broader distribution between 
38% and 53% [60,61]. Low N and sulphur contents minimize the potential for harmful oxides 
like nitrogen oxides (NOx) and sulphur oxides (SxOy) during combustion. However, little is 
known about genetic variation for these elements in cobs of different genotypes. 
Table 0.1. Results from different studies presenting different elemental concentrations.  
N (nitrogen), P2O5 (phosphorus oxide), K2O (potassium oxide), Ca (Calcium), Mg (magnesium), S 
(sulfur), C (carbon), H (hydrogen) and O (oxygen). Averages do not include values for pith and chaff 
or the woody part of separate reported in the last two rows. 
 
 
Values for ash percentage of cobs are low and range from 1.3% [62] to 3.6% [39,59,67,68]. 
The reported low N-content also results in a low N replacement for cobs. Assuming cobs 
contribute 7.5% of the total above ground dry matter at a grain yield of 101 dt/ha and 0.33% 
%N %P2O5 %K2O %Ca %Mg %S %C %H %O Source
0.51 0.09 1.05 0.12 0.07 0.47 [42,57]
0.37 0.09 0.985 0.11 0.06 [42,58]
0.33 0.11 0.62 [42]
0.5 [59]
0.9 46.8 6 46.3 [60]
0.12 41.95 4.77 53.16 [61]
45.3 7.2 43.93 [62]
0.47 46.58 5.87 45.46 [63]
0.36 46.5 [47]
0.84 0.14 47.63 4.91 46.48 [64]
0.35 0.01 46.1 5.38 45.92 [65]
0.69 0.18 47.35 5.9 38.07 [15]
43.77 6.23 50 [66]
0.4 0.09 0.92 0.11 0.06 0.42 43.6 6.1 48.4 [16]
0.21 0.05 1.11 0.011 0.11 0.013 42.9 7.8 47.8 [16](woody part)
0.61 1.39 1.04 0.06 0.09 0.22 44.3 6.8 48.8 [16](pith/chaff)
0.49 0.08 0.85 0.11 0.06 0.24 45.23 6.09 46.76 Average 
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N, 0.11% P2O5, and 0.62% K2O content, a replacement of 4.5, 1.46, and 0.69 kg/ha would be 
necessary for the respective substances [34,42]. 
Ethanol potential can be improved by altering cell wall composition. Cellulose content 
ranges from 34-45% in cobs [16,39,67]. Donnelly [69] reported different concentrations of 
hemicelluloses for ten synthetic maize populations and showed variation for cob quality 
traits in breeding materials of the U.S. Corn Belt. The total hemicellulose content measured 
was 18-20%. Other sources found up to 46% hemicelluloses in maize cobs [59]. Saha [10] 
reported concentrations of hemicelluloses, cellulose, and lignin of 35%, 45%, and 15%, 
respectively. Kirkpatrick [70] reported average values for cob hemicelluloses, cellulose, and 
lignin of 41%, 42%, and 4% on a dry matter basis, respectively. Significant genotypic 
variation among hybrids for cob compositional characteristics was found in the same study 
[70], suggesting potential for breeding cobs with altered cell wall composition. 
To determine suitable genetic resources for dual-purpose maize breeding, theoretical 
ethanol potential (TEP) can be used rather than crude values of cell wall components. 
Significant genetic variation for TEP and theoretical ethanol yield potential (TYP), neutral 
detergent fiber, acid detergent fiber, and acid detergent lignin (ADL) was found in a study 
comparing 50 different genotypes including F1 hybrids, populations, population x population 
hybrids, and inbred x population hybrids [70]. Average TEP among those 50 accessions was 
609 l/t. Lorenz et al. [45] used selected forage varieties to compare the genetic potential for 
calculated cob TEP and TYP. Average cob TEP was 433 l/t always out-yielding the ethanol 
potential of the according stover on a weight basis. Grain hybrids showed lower cob ADL 
than silage hybrids, indicating potential for dual-purpose maize with high grain potential and 
low cob lignin content for better biomass convertibility into ethanol. Selection for cob 
composition was not considered worthwhile, because preparation of samples for 
phenotyping requires too much effort [45]. With improving sampling techniques and rising 
ethanol prices, selection for higher TYP due to quality traits might be worthwhile in future. 
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Table 0.2. Ranges for cob trait values from a random selection of cobs from the PI Station in Ames, 
Iowa. 
For 260 genotypes values for cob diameter were taken at midcob, cob volume was calculated as: cob 
diameter = ((cob radius^2) * π * cob length), density was calculated using single cob values for mass 
/volume. 
 
Cob physiology, development, and evolution 
In monoecious maize (Zea mays), male and female inflorescences are divided into tassel and 
ear, respectively. Development of the female inflorescence including the cob has been 
described in various early and recent studies [6,71-74]. The cob is referred to as rachis, the 
main axis of the female inflorescence, located at the end of auxiliary branches. Cobs result 
from the interspaces between spikelets on the branches [75]. The internodes of these lateral 
branches are compressed without interspace resulting in dense cob tissue so that the 
attached husk leaves cover the distally located ear [76,77]. Dense sclerotic tissue in cobs 
relates to intensified induration around the nodes in stems [76].  
Up to four zones can be defined for cob tissue [6]: the central cylindrical pith with large, 
thin-walled parenchyma cells and the outer ring consisting of thick-walled cells with higher 
lignin content directly under the epidermis. Between these two zones resides the third zone, 
the vascular system, described as “two tubes one inside the other” both having a bundle 
character [6,78-80]. As fourth zone, branched parenchyma surrounds these bundles. 
Similarly, cobs can be divided into pith, woody ring, and coarse and fine chaff. The reported 
average contents are 1.9% pith, 60.3% woody ring, 33.7% coarse chaff, and 4.1% fine chaff 
[16]. Large variation for expansion of hard sclerenchyma into soft inner pith exists among 
races of maize [6]. 
Trait Max Mean Min
Length (cm) 24.70 15.42 6.20
Diameter (cm) 3.80 2.50 1.20
Density (g/ml) 0.45 0.28 0.10
Mass (g) 61.87 21.61 4.79
Volume (ml) 183.89 78.30 13.91
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Spongy pith has by far the lowest density while the wooden part has the highest. Formation 
of the inner pith is caused by cell death which occurs after elongation, while the ear still 
develops and is accompanied by changes in cell size, dry matter content, concentration of N, 
potassium, phosphorus and other elements. Cob density decreases from about 1 g/ml to 0.3 
g/ml within three weeks after silking [81,82]. Cell death starts in the central region and 
progresses faster in longitudinal direction than in vascular tissue, which encircles the inner 
parenchyma. Under high N supply, ears grow longer and cells die earlier [82]. Even though 
the pith is a small fraction of cob weight, its extreme low density has substantial negative 
impact on cob density. Pith volume filled out with sclerotic, wooden tissue would 
dramatically increase cob density. 
The ear type affects the number of kernel rows and a positive correlation can be found 
between cob diameter and number of kernel rows [83]. Spikelet ranges are usually aligned 
straight. However, a spiral arrangement has been reported for some genotypes, where each 
row is shifted half a cupule to the side compared to the row below [6,84]. The genetic basis 
of kernel row number and its relation to cob diameter or biomass seems complex [85], but is 
relevant for the understanding of the relationship between GY and this CY component. 
Pollination and, therefore, seed set increases mature cob weight by 4 g. An additional 4 g 
weight increase independent from pollination was found, when sufficient N was supplied 
[46]. Pollination also affects sclerification: if cobs are protected from pollen, they remain soft 
and only the vascular bundles harden, while within five days after pollination the outer 
parenchyma develops sclerenchyma [6,46]. Maximal pollination can be expected in 
unstressed commercial maize fields. This partly explains the positive correlation between CY 
and GY.  
Genetics of cob formation 
Several genes and their mutants have been identified for cob and ear characteristics which 
could serve as candidate genes to manipulate cob characteristics [73,74,86]. Cob mutants 
have been reviewed by Vollbrecht and Schmidt [74], who summarized the genetics of floral 
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development and listed a wide collection for ear and tassel affecting mutants and genes. 
Mutants directly affecting cobs each affect ear development. The mutants Pith abscission 
(Ph1) and Rind abscission (Ri1), both resulting in disarticulated cobs, are likely responsible 
for induration of cobs in domesticated maize [77,87].  
Further mutants affect cobs indirectly. In the most severe cases, no ears are initialized as in 
the mutants barren stalk1 and 2 (ba1 and 2). A fasciated ear as caused in fasciated ear2 
(fea2) affects the cobs architecture dramatically as well as the mutant thick tassel dwarf 
(td1) causing enlarged inflorescence meristems. The compact plant2 (ct2) mutation affects 
meristems size negatively [74] and might, therefore, account for drastic differences in 
weight and volume. Mutants of the ramosa pathway show high diversity in inflorescence 
branching and growth [88]. Mutant terminal ear1 (te1) results in compressed internodes at 
the primary axis, so that the tassel is covered with leaves [73]. Even though the main axis is 
affected in this case, the underlying gene(s) might account for the dense sequence of 
spikelets with very short internodes [76,77]. Already identified genes might be a starting 
point for altering ear growth and biomass production, if advantageous alleles at these loci 
can be identified. 
QTL analyses have been performed for architectural traits such as ear length, ear and cob 
diameter, and cob weight [52-54,89-94] (Figure 2.5). However, cob related QTL and gene 
mutants are not limited to those shown in Figure 2.5 [95,96]. Furthermore, implementation 
of findings from these QTL studies in breeding programs are limited due to lack of relevant 
topcross data within a single heterotic group, and lack of fine mapping and validation 
approaches. 
Coincidence of QTL and mutant loci indicate relevant genome regions for cob traits. Cob 
weight-QTL were co-localized with td1 (bin 5.03/5.04), known to increase spikelet 
meristems, Ramosa1 (ra1) on chromosome 7, and ba2 on chromosome 2 (Figure 2.5 
[94,97]). Moreover, QTL for cob and ear traits were mapped in six of the nine studies to bin 
1.07: for cob weight [94], cob diameter [53,89], and ear length [52,54,90]. For bin 7.01, QTL 
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were found in four of the nine studies for cob weight [94], ear diameter [92], and ear length 
[54,91]. 
A comparison across studies is limited by the different populations and genetic maps used in 
each study, but coincidence of QTL can also be found within studies. Beavis et al. [52] found 
QTL using 112 F2:4 lines of the IBM (B73xMo17) population. Four QTL for cob diameter were 
found on chromosomes 3, 4, 5, and 9, four QTL for ear diameter on chromosomes 4, 5, 7, 
and 9. Three overlapping QTL on chromosomes 4, 5, and 9 explained the close positive 
correlation (0.82) between these two traits. They also found three QTL for ear length, two 
on chromosome 1 and one on chromosome 9. Loose negative correlations between 
diameter traits with ear length were in agreement with the poor QTL overlap in this case. 
Similar findings were reported in other studies [94]. 
Several authors reviewed the pathways important for traits involved in cellulosic matter and 
their usage and modification for improved biomass and ethanol production [29,98,99]. A 
summary of genes involved in cell wall biosynthesis is beyond the scope of this review. More 
information can be found in other studies [100,101]. In general the three main cell wall 
components cellulose, hemicellulose, and lignin have the largest impact on digestibility of 
cellulosic biomass. While lower lignin content potentially enhances accessibility of 
hemicelluloses and cellulose, it also affects biomass yield, triggers lodging and could even 
negatively influence cellulose content [102]. Brown midrib (bm)-mutants are known to 
confer lower lignin content and have been investigated for utilization in biomass quality 
alteration [92,103]. Genotypes containing different mutant bm-alleles showed lower lignin 
content but also lower yield and lower cellulose content than isogenic lines without 
mutations [45]. bm1 and bm3 mutant cobs showed high in vitro dry matter digestibility 
(IVDMD) with 74.8-79.8% compared to 67.9% in the isogenic controls and had highest 
IVDMD compared to stem, leaf, sheath, and 35 days post silking [104]. However, TEP and 
TYP for cobs of other hybrids carrying bm mutants 1-4 were lower than of isogenic reference 
hybrids [45]. 
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Figure 0.5. Cob QTL and cob related genes mapped according to reported or estimated bins on the 
10 maize chromosomes.  
QTL located at overlapping bins are shown at the lower bin [97]. Empty bins are not shown. 
 
1) Beavis et al. 1994 [52] 6) Ross 2002 [54]
2) Li et al. 2009 [91] 7) Sabadin et al. 2008 [93]
3) Li et al. 2010 [90] 8) Upadyayula et al. 2006 [94]
4) Liu et al. 2007 [92] 9) Veldboom et al. 1996 [53]
5) www.maizegdb.org [97] 10) Zhang et al. 2010 [89]
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Comparison of QTL in meta-analyses [105] might lead to identification of genes with major 
effects for cob biomass improvement. In future, available genetic resources must be 
explored particularly for cob biomass traits to broaden the narrow range of cob properties in 
current U.S. elite germplasm, such as materials developed in the Germplasm Enhancement 
of Maize (GEM) program [106]. 
Conclusions and perspectives 
Turning cobs into a valuable feedstock greatly depends on progress in harvest, transport, 
storage, and conversion technology. Selecting suitable cob genetic can catalyze progress in 
each of those fields and, when established, contribute to a shift of the economic break even 
point. 
For most large scale applications with the purpose of energy production, cobs with high 
biomass and bulk density would facilitate transportation and increase the yield per ha. Cob 
biomass of dual-purpose maize should be maximized, as long as it does not unexpectedly 
interfere with grain yield and soil fertility from an economic perspective. At a price ratio of 
1:3 for cob and grain (for example $70/t cob and $210/t grain), an increase in one unit of cob 
yield per ha must result in less than a third unit grain yield loss per ha. It is though not 
expected that increase of cob biomass by tissue density will influence grain yield potential. 
However, whether or not a trade-off exists needs to be tested experimentally in future. At a 
given biomass yield, remobilizing biomass from stover (rather than grain) into cobs might be 
an alternative strategy. However, the maximal amount of cob biomass taken out of the field 
must be determined with respect to soil type, climate, and regional yield potential, 
fertilization and tillage practices [107]. 
The overall goal thus is, to produce as much carbon harvestable in a compact cob while 
incorporating as few as possible nutrients such as nitrogen, phosphor and potassium (N, P, 
and K; Figure 2.2). Generally a high carbon/nitrogen (C/N) ratio, and a low ash and sulphur 
concentration are beneficial for efficient combustion and can be further improved. To create 
dual-purpose maize with altered compounds, different breeding strategies can be 
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considered, depending on the final usage of cob biomass. For cellulosic ethanol production, 
marker assisted backcrossing of for example bm-mutant alleles into dual-purpose maize 
could be employed, if yield potential for grain and cob biomass is not negatively affected. 
Optimal cell wall composition depends on the conversion form – lignin is richer in energy but 
can only be utilized by combustion or thermochemical conversion. For pyrolysis higher lignin 
content increases the pyrolysis rate and efficiency [108]. Even though lignin by-products can 
be used otherwise [109], low lignin content is desirable for biochemical conversion, which 
enhances enzyme adsorption in fermenters [110]. Due to seasonal abundance, compounds 
that increase storing ability of cob biomass would be beneficial for dual-purpose maize. 
Polyphenolics, constitutive phytoalexins like lignins or other preinfectional compounds 
might be effective against early molding, rotting, and bacterial infections [111]. 
Yield increases of the last decades were achieved mainly by tolerance to higher plant 
densities and not single plant productivity [56]. Current maize is grown at high plant 
densities, and expectations for more effective photosynthesis to improve cob biomass rather 
than grain yield seems unrealistic. A new definition of the harvest index due to increased cob 
density is a possible strategy for breeding. The harvest index as ratio between grain and total 
plant biomass yield did not change for maize in breeding history, in contrast to other species 
such as wheat, barley, and rice [56]. If the maximum amount of biomass that can be 
removed from the field without affecting soil fertility is fixed for a particular scenario defined 
by soil type, cropping system, crop rotation and climate, each scenario has a maximum 
harvestable biomass fraction in addition to the grain. If this fraction could be converted 
more effectively into cob biomass, which has the highest density and ethanol potential of all 
stover fractions, the most effective and sustainable biomass harvest would be achieved. 
More information is required to evaluate the relationship between plant density and grain 
and cob yield in elite breeding materials. 
In future, food and energy for an increasing world population must be supplied from a 
shrinking acreage, while restrictions apply for fertilizer application to reduce negative impact 
on ground water [112-114]. Using not only the grain but also cobs will directly increase the 
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biomass gained per land unit and disencumber the demand for grain for nutrition and 
biomass. Dual-purpose maize would not require additional land use for grain production as 
previously discussed by Searchinger et al. [115] but effectively reduce carbon emission when 
fossil fuels are substituted by cobs. Whether cob harvest is economic for single farmers 
depends on harvest technology, and the price industry is able to pay for cobs, which 
depends on energy prices of alternative sources, progress in engineering and finally the 
quality and yield of the cob product. The potential of dual-purpose maize must not only be 
examined from an economic but also genetic point of view. Enhancement of cob cellulose 
content by genetic engineering might increase ethanol yield. In addition, more effective 
conversion of biomass to sugars rather than sugars to ethanol can be improved by denser 
biomass sources like cobs [23]. 
How tissue density, cob weight or biomass quality can be maximized depends on their 
heritability and whether new genes and alleles for these traits are available. Heritabilities of 
cob architectural traits are mostly moderate to low, and generally lower than for grain yield 
[52,91,92,116]. There is substantial genetic variation in cob density with different, partly 
unknown effects on other yield components in available breeding materials. Even though GY 
and CY show a close positive correlation the underlying genetic causes remain to be 
determined. Hybrids with poor cob development show both poor cob and grain yield and 
can, therefore, cause close positive correlations. The most important breeding goal appears 
to be increased cob tissue density along with selection for grain yield. Furthermore, total 
harvested biomass should ideally be increased without additional N fertilizer application and 
loss in soil fertility. So far, no negative correlations have been found for cob tissue density 
and other traits. Thus dual-purpose maize appears realistic. 
With an estimated maximum of 200 billion kWh (with 4kwh/kg) per year from currently 
available cobs, cob harvest will not solve all energy problems of the future, but with its 
abundance in the Corn Belt the establishment of a cob based biomass industry that is not 
competing with food production seems reasonable to increase energy production from 
biorenewable sources.  
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Abstract 
Expected future cellulosic ethanol production increases the demand for biomass in the U.S. 
Corn Belt. With low nutritious value, low nitrogen content, and compact biomass, maize 
cobs can provide a significant amount of cellulosic materials. The value of maize cobs 
depends on cob architecture, chemical composition, and their relation to grain yield as 
primary trait. Eight traits including cob volume, fractional diameters, length, weight, tissue 
density, and grain yield have been analyzed in this quantitative trait locus (QTL) mapping 
experiment to evaluate their inheritance and inter-relations. 184 recombinant inbred lines of 
the intermated B73xMo17 (IBM) Syn 4 population were evaluated from an experiment 
carried out at 3 locations and analyzed using genotypic information of 1339 public SNP 
markers. QTL detection was performed using composite interval mapping with i) comparison 
wise-thresholds with reselection of cofactors (α= 0.001), and ii) empirical LOD score 
thresholds (p = 0.05). Several QTL with small genetic effects (R² = 3.2–15.6%) were found, 
suggesting a complex quantitative inheritance of all traits. Increased cob tissue density was 
found to add value to the residual without a commensurate negative impact on grain yield 
and therefore enables for simultaneous selection for cob biomass and grain yield. 
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Introduction 
Cob biomass is a widely abundant residual in the U.S. Corn Belt, and has received increased 
interest for generating renewable energy [1]. New cob harvest and conversion technologies 
are available and cob biomass is considered for combustion or gasification in power plants 
and cellulosic ethanol production [2]. While grain usage for energy competes with food 
production on limited acreage, cobs can be harvested in addition to grain. Therefore, cobs 
do not require additional acreage, such as short rotation poplar or miscanthus. If stover 
remains in the field, harvest of cobs with nitrogen content below 1% will hardly affect soil 
fertility or significantly change fertilizer management [3]. In order to further optimize 
economic feasibility of cob utilization, a denser cob biomass tissue will make harvest and 
transportation more efficient. Even though maize is among the best investigated crops, little 
is known about the genetic basis of cob biomass properties, defined by cob volume, density, 
and biomass quality.  
Cob architecture can be simplified to a body with cylindrical or conical shape defined by cob 
length, and cob diameter. Three distinguishable zones affect cob density [4], [5]. The inner 
zone (pith) consists of dead cells at maturity, resulting in spongy tissue of low density. The 
wooden zone surrounding this core consists of sclerenchyma cells with high density 
accounting for most of the cob biomass. The outer chaff of low weight and density directly 
connects to the grain and embodies the branched spikelets of the inflorescence. A 
complicated mazy channel system of interwoven bundles in the cob connects the vascular 
units with grain. These three zones have been characterized by Foley and Vander Hooven 
[4], who further divide chaff into a fine and coarse fraction. The reported average weight 
fractions were 1.9% for pith, 60.3% for the wooden ring, 33.7% for coarse chaff, and 4.1% for 
fine chaff. However, large variation was found for distribution of those zones [5], as well as 
for cob architecture traits including length and diameter [2], [6], [7]. 
For the development of dual-purpose maize that will be grown for high cob biomass 
combined with high grain yield potential, optimization of both traits must be pursued. 
Breeding for higher grain yield generally leads to higher cob yield, as both traits are 
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positively correlated. However, genotypes with similar grain yield might differ significantly 
for cob biomass yield [2]. Cob biomass yield is a function of cob volume and density. Cob 
weight increases with volume and/or density. The relation between those three traits and, 
therefore, a possible tradeoff between them is mathematically well defined, but the 
underlying biology is unknown. Moreover, understanding of the relationship of cob biomass 
yield and grain yield as primary traits is fundamental for developing dual-purpose maize. 
Knowledge on location and effects of quantitative trait loci (QTL) related to cob biomass 
traits inform about the most appropriate breeding strategy. In case of QTL with major effects 
controlling these traits, marker assisted selection or backcrossing are effective to introduce 
favorable regions into breeding materials. In case of multiple QTL with small effects, marker 
assisted recurrent selection or genome wide selection can be employed to increase the 
number of favorable alleles in a population [8], [9]. 
Several QTL have been reported for cob length (ear length), ear or cob diameter, and cob 
weight [6], [7], [10], [11], reviewed by Jansen and Lübberstedt [2]. However, to our 
knowledge, no QTL have been reported for cob volume, cob density, or diameters of pith 
and wooden ring. Over the past twenty years, QTL for volume components such as ear and 
cob length, and ear and cob diameter have been found across all ten chromosomes [6], [7], 
[11–14]. Yet, no QTL have been found for cob diameter on chromosomes 2, 3, 6, and 10. For 
cob weight, Upadyayula and colleagues [11] reported a total of nine QTL located on 
chromosomes 1 to 7.  
QTL findings differ greatly between populations depending on the parents of a mapping 
population, population type and size, marker coverage, and environments used for 
phenotyping as well as phenotyping methods [15]. Furthermore, different mapping methods 
like single marker analysis, interval mapping, or composite interval mapping affect the 
outcomes of QTL mapping studies [15], [16]. Some of the studies mentioned above were 
conducted before more advanced QTL mapping methods became available. For composite 
interval mapping, QTL results vary with choice and number of cofactors, as well as 
thresholds used to declare QTL significant [17]. 
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The parents B73 and Mo17 of the intermated B73xMo17 (IBM) Syn4 population [18] used in 
this study play a key role in U.S. breeding programs and maize research [19], [20]. IBMSyn4 
is expected to segregate for cob architectural traits, since ears of B73 are shorter with wider 
diameter than cobs of Mo17 [21]. The IBMSyn4 population has been intermated five 
generations resulting in a 3.9-fold larger mapping distance due to an average 2.7-fold higher 
recombination fraction compared to F2 derived populations [18]. 
Our objectives were to (i) evaluate the relationships among cob architecture traits, and their 
relationship to grain yield at the phenotypic and genetic level, (ii) identify QTL and their 
effects for cob length, weight, diameter (including for the pith and wooden ring fractions), 
volume, density, as well as grain and cob yield, and (iii) discuss our findings with regard to 
developing dual-purpose maize varieties. 
Materials and methods 
Field trials for this study were performed in Wisconsin in 2007 (2 locations, 2 replications) 
and in Iowa in 2006 (1 location, 2 replications). Materials and methods for the Wisconsin 
locations have been reported by Lorenz and colleagues [22], who performed genetic 
analyses on maturity, yield and composition traits. Herein, cob trait data were collected 
from these plants and analyzed in the context of the additional component traits underlying 
the quality of cob residuals. Briefly, 206 recombinant inbred lines (RILs) of the IBMSyn4 per 
se population [18] and their parents Mo17 and B73 were grown in two locations in 
Wisconsin (Arlington (ARL) and Madison (MAD)) in 2007 [22] and phenotyped for cob traits. 
Identity of lines was confirmed as described by Lorenz et al. [22]. Trials were planted May 7 
and May 21 on Plano silt loam soil and harvested 135 and 156 days after planting at ARL and 
MAD, respectively. Randomized complete block design was applied at each location with 
two replications using single-row plots (6.08 m x 0.76 m) with 79,040 plants/ha [22]. B73 and 
Mo17 were planted in two plots per block, resulting in eight single-rows of each; parental 
phenotype data were used for comparisons to the IBM RILs, but not for QTL analyses. 
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Figure 0.1. Scheme for phenotyping cob traits. 
Ten plants were hand harvested from each plot. All ears were dried and shelled. After 
shelling, cobs were dried in a forced-air dryer at 55°C for one week. Total cob and grain 
weight of those ten plants was used to determine cob and grain weight per plant, and cob 
and grain yield (CY, GY) from multiplication with stand counts. Cob and grain weight per cob 
(CWC, GWC) relate to the weight of all ten plants, including ears and cobs without seed set. 
Grain weights were adjusted to 15.5% moisture content.  
Three representative cobs per plot were sampled to measure average cob length, single cob 
weight, total cob diameter, volume, and tissue density (Figure 0.1). Diameters were 
measured within cobs for central pith, the thickness of the wooden part excluding pith and 
chaff and for the total diameter at the middle of the cob section (Figure 3.1) 
Cob volume estimates were calculated from cob length and diameter using the formula for 
cylindrical volume: 
Cob volume 
  

                                                              (1). 
Cob tissue density (DEN1) for the entire cob was calculated as ratio between single cob 
weight and volume. Cob tissue density (DEN2) was calculated from a cylindrical mid-cob 
section (about 1–4 cm long) using the weight of the piece and its volume calculated based 
on formula (1), but using the piece’s length instead of cob length. Values from three cobs 
were averaged for each plot after calculating values for all traits for single cobs. 
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The Iowa experiment was grown in 2006 at the Agronomy Agricultural Engineering Research 
Center in Ames, IA (AME; [21], total cob diameter and cob length have been determined. 
Parents B73 and Mo17 were planted in AME eight and seven plots, respectively. In this 
experiment, an alpha-lattice design with two reps was used and 12 plants were grown per 
plot (single row, 0.76 m x 3.8 m). Data were obtained for the same 184 RILs used in the 
Wisconsin experiment. 
For cob diameter and cob length analyses have been carried out for the two Wisconsin 
locations (diameter and length), and for three environments including the Ames experiment 
as third environment (TD3 and CL3, respectively). 
Statistical analyses 
Cob data analyses were carried out using SAS PROC MIXED (SAS Institute Inc., Cary, NC) 
fitting locations and lines, interactions of locations and line (G x E), and blocks as random 
effects. Heritability was calculated on an entry mean basis derived from variance 
components using SAS PROC VARCOMP (SAS Institute Inc., Cary, NC), fitting locations, lines, 
G x E, and blocks as random effects. Least square means were calculated from two blocks for 
each location and over both locations with random block and G x E effects to account for 
missing values using SAS PROC MIXED. Phenotypic and genotypic correlations of traits were 
calculated using SAS PROC MIXED according to Holland [23]. Means of parents B73 and 
Mo17 were compared with two-sided Student t-tests at 5% significance level, assuming 
unequal variances. Coefficient of variation (CV) was calculated as standard deviation divided 
by the population mean. 
Path analyses are used to fit proposed path models according to covariance structure of the 
underlying data [24–26]. In path analysis, correlations can be used to estimate total, direct 
and indirect effects of observed variables (exogenous and intervening causal variables) on 
other observed variables (endogenous dependents and endogenous intervening variables) 
as an extension of the regression model. Calculated path coefficients are often given as 
standardized regression coefficients for direct effects in the model. Indirect effects and total 
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effects are calculated based on the product and sum of those direct effects. Standardization 
is implemented by expressing effects in standard deviations. 
 
Figure 0.2. Proposed Model B with diameter fitted as intervening variable.  
Pith = diameter of pith, Wood = thickness of wooden part, Length = cob length, Diameter = cob 
diameter, Volume = cob volume, Density = DEN2 values for cob tissue density, weight = average 
single cob weight. Arrows indicate fitted direct and indirect effects in the initial model.  
 
Two similar models (A and B, Figure 0.2) to explain cob biomass (weight) have been tested 
for statistical fit based on AIC (Akaike´s information criterion), RMSEA (root mean square 
error of approximation), CFI (comparative fit index), chi² (likelihood ratio chi-square test), 
and HoelterN using IBM SPSS Amos 20 [24]. The best fit was defined by a Chi² > 0.05, RMSEA 
< 0.05, CFI > 0.95, a HoelterN indicator of sufficient sample size of > 40, and ultimately a 
minimum AIC value. To investigate the double role of different cob tissue fraction by 
diameter and density on cob weight and because insufficient grain yield components were 
collected only single cob based traits downstream of cob weight were included. Model A was 
based on the hypothesis that pith diameter, thickness of the wooden ring, total diameter 
42 
 
and cob length, have an effect on the three dependent variables, volume, density, and 
ultimately weight, where weight was also dependent on volume and density. Then all direct 
and indirect effects were fitted with the exception of direct relations between volume and 
density, which are independent based on correlations. Since density is calculated from 
volume and weight, one might argue that density rather than weight should be the resulting 
variable of highest order. However, density is influenced by the density and fraction of 
different tissues of the cob and can be understood as a weighted average of those. Model B 
(Figure 0.2) was modified compared to Model A in such a way, that total diameter was fitted 
as intervening dependent variable for pith and wood. Both models were further optimized 
towards a minimum AIC by deleting insignificant effects from the model (A-AIC and B-AIC). 
Quantitative trait locus mapping  
Genotypic data for a subset of 184 IBM RILs were obtained for all 1339 markers from the 
IBM1 framework map from MaizeGDB.org based on data for all 302 lines from the Maize 
Mapping Project (http://www.maizegdb.org/qtl-data.php, verified 3-10-2012). The total 
genetic distance of this map adds up to 6242.7 cM leading to an average marker interval size 
of 4.66 cM. 
QTL analysis was carried out with QTL Win Cartographer version 2.5 [27] using composite 
interval mapping (CIM; Zmap model 6) with forward and backward regression for 
identification of the ten most significant cofactors. Test positions occurred at 1 cM intervals 
and at each marker. During CIM, cofactor effects originating from positions mapping within 
10 cM of the test position were excluded from the model. In order to limit the type I error 
rate, comparison-wise thresholds (CWT) based on 1,000 permutations of the phenotype 
data were determined at significance levels of α=0.001 for each trait by using scripts 
updated for CIM to include cofactor reselection for each permuted data set [28]. Additional 
runs were performed using a default empirical experiment-wise threshold after 1000 
permutations each, without reselecting cofactors (EWT) as implemented in Win 
Cartographer 2.5 [27]. EWT was also used for analyses of data from each single 
environment. The same settings were used as for CWT. Results were compared with the 
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method described above. In both cases a distance of >10 cM was used to separate significant 
regions into different QTL. For each QTL, support intervals based on 1.5 LOD drops from 
each likelihood peak are reported [29] In addition, intervals of significant marker intervals (p 
= 0.001) around peaks according to CWT are reported as indicator for mapping precision. 
Only results for CWT are shown in detail and compared to results based on EWT. 
Results 
Trait characteristics and correlations 
B73 outperformed Mo17 significantly (p = 0.05) for increased single cob weight (131%), 
diameter of pith (193%) and wooden part (118%), cob diameter (112%), TD3 (137.3%), cob 
volume and all cob and grain yield related traits, but displayed reduced cob length and CL3 
(81.5%, Table 0.1). No significant difference between the parents was observed for the two 
density traits. 
For all traits, maximum and minimum values among 184 lines transgressed those of the two 
parents. B73 was among the highest ranking genotypes for diameter (rank 2), cob yield (rank 
3), and cob weight based on 10 plants (rank 7), while Mo17 was among genotypes with the 
longest cobs (rank 15). On average, pith represented 27% (16-39%) of total cob diameter, 
the wooden part 30% (20-40%), leaving 43% (36-55%) to chaff. Together, the two low 
density fractions pith and chaff represent 60-80% of total cob diameter. 
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Table 0.1. Statistics for all measured traits.  
Values are given for population mean, mean performance of each parent, population standard 
deviation (Std Dev), coefficient of variation (CV), minimum and maximum line averages and entry 
mean heritabilities (h²).  
 
 
 Single cob weight, grain and cob yield showed the highest coefficients of variation (CV; 
33.4–68.1), and total diameter the lowest CV (10.2) (Table 0.1). For all traits, significant 
effects of genotype were found (p = 0.001). For most traits, the location effect was 
significant (p = 0.05), except for length (p = 0.27), pith (p = 0.91), and DEN2 (p = 0.34). G x E 
interactions were significant for all traits at p = 0.05. However, at p = 0.01, wood (p = 0.024), 
and total diameter (p = 0.026) did not show significant G x E interactions. Heritabilities were 
estimated on an entry-mean basis and were intermediate to high for all traits ranging from 
0.64 for GWC to 0.91 for pith (Table 0.1). 
Correlations 
Cob length, total diameter, volume, and weight were all positively correlated with each 
other (Table 0.2). Cob weight was positively correlated with all traits. Cob volume was 
closely correlated with both, cob length (rg = 0.71), and total diameter (rg = 0.85). Cob 
volume showed positive correlations with all traits (Table 3.2), but was not significantly 
correlated with any of the two density traits (DEN1 rg = -0.04, DEN2 rg = -0.09, p = 0.01). 
DEN1 and DEN2 were closely correlated (rg = 0.94, rp = 0.88). While variance components 
Variable Trait N unit Mean B73 Mo17 Std Dev CV Min Max h²
Length Length 708 cm 11.41 10.79 13.27 1.79 15.67 5.6 17.27 0.76
Weight Single cob weight (3 cobs) 708 g 11.04 14.44 11.07 3.68 33.36 1.7 25.04 0.75
Pith Pith diameter 708 cm 0.62 0.81 0.42 0.14 22.69 0.3 1.1 0.91
Wood Wooden part thickness 708 cm 0.34 0.40 0.34 0.06 18.95 0.1 0.5 0.78
Diameter Diameter 708 cm 2.29 2.72 2.02 0.23 10.18 1.2 2.9 0.77
Volume Volume 708 cm³ 48.16 62.79 43.59 13.25 27.51 8.82 87.6 0.77
DEN1 Density 1 from cone ass. 708 g/100cm³ 22.89 23.02 25.25 4.00 17.48 11.6 38.2 0.77
DEN2 Density 2 from piece 708 g/100cm³ 26.61 26.73 26.88 4.73 17.78 11.2 42.8 0.76
CWC Weight/cobs of 10 plts 724 g 9.83 13.92 8.51 3.66 37.24 0.5 23.07 0.71
GWC Grainwt/plant*10 719 g 41.57 44.08 15.30 23.53 56.60 0.01 145.63 0.64
Cob yield Cob yield/plot 724 g 278.22 527.45 91.89 141.58 50.89 1.7 815.48 0.72
Grain yield Grain yield/plot 719 g 1199.00 1676.07 168.86 816.27 68.08 0.36 3863 0.66
CL3 Length over 3 locations 1022 cm 12.87 12.14 15.02 2.85 22.14 5.6 21.9 0.68
TD3 Diameter over 3 locations 1022 cm 2.41 2.85 2.09 0.29 11.93 1.2 3.3 0.75
Including Ames location
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and heritabilities did not differ considerably, absolute differences were found between the 
two methods for nearly all parameters shown in Table 0.1. Cob tissue densities (DEN1 and 
DEN2) were negatively correlated with pith (rg = -0.26 and -0.30, respectively), but positively 
correlated with wood (rg = 0.37 and 0.43, respectively), cob weight (rg =0.31-0.55, 
respectively), and cob yield (rg = 0.44). No other trait showed a significant correlation (p = 
0.01) with DEN2. However, at p = 0.05, DEN1 showed a weak positive phenotypic correlation 
with length (rp =0.13). While pith was significantly positively correlated with total diameter 
(rg = 0.61, rp = 0.58), pith showed a significant negative correlation with wood (rg = -0.26, rp = 
-0.13). 
Table 0.2. Phenotypic and genotypic correlations. 
 Genotypic correlations are shown below the diagonal, phenotypic correlation above. “**” indicates 
a 99% significant C.I. not including 0, “*” indicates 95% C.I. not including 0) 
 
Path analysis 
All models showed good fit for all observed criteria. Both models and their optimized 
daughter models showed exactly matching results for all criteria, respectively (Table ST 3.1). 
We, therefore, focus on reporting result of Model B, because diameter as intervening 
variable for pith and wood appears reasonable (see appendix, Table ST 3.2). 
94%, 21%, 98%, and 72% of the total variance in weight, density, volume, and diameter were 
explained in Model B, respectively (Table ST 3.2). All total effects on cob weight were 
positive in Model B. Most other significant total effects were also positive with the exception 
Length Weight Pith Wood Diameter Volume DEN1 DEN2 CWC GWC Cob Yield Grain Yield
Length 0.68** 0.08 0.21** 0.31** 0.76** 0.13* 0.01 0.64** 0.51** 0.58** 0.49**
Weight 0.6** 0.27** 0.52** 0.65** 0.83** 0.56** 0.46** 0.89** 0.56** 0.74** 0.53**
Pith 0.05 0.24** -0.13* 0.58** 0.45** -0.18** -0.18** 0.26** 0.25** 0.2** 0.2**
Wood 0.11 0.51** -0.26** 0.53** 0.46** 0.28** 0.34** 0.47** 0.22** 0.34** 0.16**
Diameter 0.24** 0.66** 0.61** 0.41** 0.83** -0.04 0.00 0.63** 0.48** 0.5** 0.37**
Volume 0.71** 0.81** 0.47** 0.35** 0.85** 0.04 -0.01 0.79** 0.6** 0.66** 0.51**
DEN1 0.04 0.55** -0.26** 0.37** -0.09 -0.04 0.88** 0.43** 0.14** 0.39** 0.17**
DEN2 -0.06 0.48** -0.3** 0.43** -0.08 -0.09 0.94** 0.32** 0.02 0.29** 0.05
CWC 0.59** 0.96** 0.29** 0.54** 0.72** 0.84** 0.44** 0.34** 0.72** 0.82** 0.65**
GWC 0.4** 0.48** 0.31** 0.18 0.57** 0.59** -0.02 -0.14 0.6** 0.65** 0.9**
Cob Yield 0.59** 0.82** 0.19* 0.35** 0.54** 0.7** 0.44** 0.32** 0.88** 0.62** 0.82**
Grain Yield 0.47** 0.49** 0.22** 0.12 0.43** 0.52** 0.08 -0.05 0.61** 0.94** 0.77**
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of effects of pith, length, and diameter on density. The strongest direct (and total) effect was 
found between volume and weight with 1.13 standardized regression coefficients in 
standard deviations (SD). Changes in density had an effect on weight, which was about half 
as strong as the effect of volume on weight with 0.52 SD. Total effect of diameter on weight 
was 0.32 (0.37) SD in Model B (B-AIC). Total effects on weight and volume were positive for 
pith (0.31 and 0.50), length (0.55 and 0.64), wood (0.49 and 0.40) and diameter (0.32 and 
0.67, respectively) (Table ST 3.2). Effects of pith (0.71), length (0.13), and wood (0.59) on 
diameter were also positive. Length and diameter showed negative direct effects on density 
(-0.01 and -0.36, only significant for diameter) but a positive effect on volume (0.55 and 
0.67, respectively). Density (0.52) and volume (1.13) were positively affecting weight. 
Total effects of pith (-0.17), length (-0.06), and diameter (-0.36) on density were negative, 
whereas total effect of wood on density was positive (0.36). The positive total effect of pith 
on weight of 0.31 was small and positive, due to its positive effect on diameter, while the 
direct effect of pith on weight was not significant. The same is true for wood, which showed 
non-significant direct effects on volume (0.01) and weight (-0.004), but positive effects on 
diameter (0.59) and density (0.57) (Table ST 3.2). Therefore, the effect of enlarged wood 
diameter on density by increasing volume outweighs its negative effect of volume on 
density. 
Quantitative trait locus analysis 
For all eight traits, in total 57 QTL were identified in 40 QTL regions at p = 0.001 CWT levels 
using ten cofactors, which are described in detail below (Table 0.3, Figure 0.3). Four QTL 
(two volume, one DEN1 and one wood QTL) found with EWT (p = 0.05, without reselection 
of cofactors) were not significant using CWT. Twenty-nine QTL were confirmed within 10 cM 
distance in at least one of the single environment analyses, whereof six were detected in at 
least two single environment analyses (Table 3.3). Fourteen QTL detected using CWT were 
not detected using EWT (Table 0.4). Additional analyses were carried out for EWT using five 
and twenty cofactors. Increasing cofactors to twenty yielded a total of 139 QTL, while 
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reduction to five cofactors resulted in a drop to 13 QTL of the forty-three QTL found with ten 
cofactors. 
No QTL explained phenotypic variance larger than R² = 15.6% (wood QTL 3). The average 
explained variance over all QTL was R² = 6.6%. The average 1.5 LOD confidence interval size 
was 18 cM (max. 37.1 cM, min. 4.6 cM). The average interval size based on CWT with a 
standardized LR > 1 was 9.2 cM (max. 28.9 cM, min. 0 cM). 
Six QTL were found for cob length over all three locations on chromosomes 1, 5, 8, and 9. 
QTL on chromosomes 1 (QTL 2) and 9 were found for both cob length and CL3 (QTL 2 and 6, 
Table 3). The sum of R2 over all CL3 QTL was 37.4%, for cob length 22.1%. Three of the five 
QTL showed a favorable (positive) effect of the B73 allele (QTL 2, 5, and 6). Absolute QTL 
effects ranged from 0.33 to 0.60 cm (Table 0.3). 
For pith diameter, six QTL were found on chromosomes 1, 2, 7, and 9. Altogether, these QTL 
accounted for 32.6% of the phenotypic variation. Except for QTL 1 and 5, all B73 alleles 
increased pith diameter. Absolute effects ranged from 0.26 to 0.38 mm (Table 0.3). 
Five QTL on chromosomes 2, 4, 5, 8, and 10 significantly (p = 0.001) affected the thickness of 
the wooden part of the cob. The QTL with the highest R2 explained 15.5% of the variability. 
41.5% of the variation was accounted for by those five QTL. B73 alleles decreased the 
wooden part diameter on chromosomes 2 and 8, but increased the wooden part diameter 
for all other QTL. Absolute effects ranged from 0.11 to 0.20 mm (Table 0.3). 
Seven QTL for cob diameter (diameter and TD3) were found. QTL 1, 2, and 5 were found for 
both diameter and TD3 on chromosomes 1, 2, and 4, respectively. For TD3, three additional 
QTL were found, one close to QTL 5, the two other QTL on chromosomes 3 and 9. For 
diameter, one additional QTL was located on chromosome 4, about 140 cM apart from 
another QTL on chromosome 4. Sum of R2 was 27.0% (44.3%) for all four diameter QTL (all 
six TD3 QTL). For all QTL, B73 additive allele effects were increasing cob diameter. Absolute 
effects ranged from 0.47 to 0.57 mm for diameter and 0.34 to 0.66 mm for TD3 (Table 0.3). 
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For cob volume, one QTL was found (p = 0.001) on chromosome 3 explaining 7.4% of the 
total variance. The B73 allele decreased cob volume by 2.9 cm³ (Table 0.3). 
 A total of six QTL were found for cob weight, located on chromosomes 1 (weight, CWC, CY), 
4 (CY), and 9 (CWC). For CWC (QTL 3 and 6) and CY (QTL 5), the B73 alleles showed a positive 
effect increasing weight, for all others the effect was negative. The two QTL for CWC 
accounted for 11.8% of the variation. Together, the QTL for cob yield accounted for 17.3% of 
the variation, and the two QTL for cob weight per cob accounted for 9.2%. Sum of the 
absolute effects were 1.7 g for CWC, 81.0 g for CY, and 1.3 g for single cob weight (Table 
0.3). 
Two phenotypes were measured for cob density. Four QTL were detected for DEN1, and 
seven QTL for DEN2. On chromosomes 7 and 8, QTL were co-located for both traits. On 
chromosome 6, DEN1 and DEN2 QTL mapped 13 cM apart. Additional QTL were found for 
DEN1 on chromosomes 3 and for DEN2 on chromosomes 1, 2, 5, and 7. All DEN1 (DEN2) QTL 
taken together accounted for 19.5% (45.5%) of the phenotypic variation. Density increasing 
effects of the B73 allele were found for QTL 3, 4, and 7, while for all others, Mo17 alleles had 
a positive effect on cob density. Absolute effects ranged from 0.007 - 0.010 g/cm³ for DEN1, 
and from 0.008 - 0.014 g/cm³ for DEN2 (Table 0.3). 
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Table 0.3. QTL position and effects.  
QTL were numbered the same if QTL positions from different phenotyping methods or different 
number of used cofactors were less than 10 cM apart. Positions (pos) are reported in cM. Additive 
effects for B73 allele are reported in cm for length, in 10th of mm for pith, wood, diameter and TD3, 
in cm³ for volume in g for weight, cob yield, CWC, grain yield, and GWC and in g/100cm³ for DEN1 
and DEN2. PCWT gives the standardized LR score (LR/LRCWT) and PCWT interval gives the left marker and 
interval in cM where positions showed PCWT > 1. 1.5 LOD interval gives the left marker and the 
interval size in cM for the 1.5 LOD drop zone of original LOD scores. “X” in columns AME, ARL, or 
MAD, indicates QTL that were also found in the according analysis. For example QTL 5 for length was 
found for phenotype CL3 which is for the mean over all three locations as well as in the separate 
environments AME and ARL. 
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1 Length 1 1 357.01 bnlg2295 3,39 3.17 5.61 -0.35 1.13 348.6 25.6 355.0 6.4 x x x 
1 CL3 2 1 742.21 chrom7 0,19 4.28 6.47 0.37 1.54 737.2 11.2 739.2 6.2       
1 Length 2 1 749.71 phi011 -1,01 3.63 6.23 0.37 1.54 737.2 18.1 744.4 7.3       
1 Length 3 5 168.81 bnlg1879 -7,01 2.74 5.10 -0.33 1.08 161.5 37.1 167.8 4       
1 CL3 4 5 259.91 mmp58 0,79 5.18 8.58 -0.60 1.62 257.9 8.3 257.9 15.4 x     
1 CL3 5 8 479.21 php20793 -0,01 7.58 11.62 0.47 1.60 473.2 9 470.1 18.9 x x   
1 CL3 6 9 39.81 lim343 6,39 5.26 10.99 0.47 1.86 33.8 16.4 33.8 14.4       
1 Length 6 9 46.21 lim343 -0,01 3.29 5.12 0.35 1.41 29.8 20.4 37.8 9.4 x     
2 Pith 1 1 100.81 umc1685 0,89 3.48 4.59 -2.79 1.59 88.1 22 96.1 7.8   x   
2 Pith 2 1 404.91 umc1676 -0,01 3.95 5.05 3.19 1.08 400.6 7.2 404.8 0.1       
2 Pith 3 1 958.81 phi064 -1,01 2.86 3.89 2.58 1.26 957.1 17.8 957.8 8       
2 Pith 4 2 280.31 php10012 -0,01 4.69 6.13 3.55 1.45 277.0 10.3 273.7 13.6   x   
2 Pith 5 7 211.51 umc1393 0,49 4.89 6.75 -3.79 1.64 197.9 18.2 203.7 11.4   x   
2 Pith 6 9 216.81 umc1191 0,19 4.57 6.18 3.31 1.34 213.3 19.8 215.8 1   x   
3 Wood 1 2 236.51 umc1465 0,09 6.56 10.21 -2.02 2.44 231.4 6.2 232.4 13.8     x 
3 Wood 2 4 429.11 mmp3 -0,01 4.46 6.16 1.28 1.05 424.6 14.7 429.1 0       
3 Wood 3 5 234.91 umc1935 0,39 10.25 15.57 2.02 4.10 232.7 5.4 223.7 21.8     x 
3 Wood 4 8 201.61 rz244a -0,01 4.06 5.58 -1.27 1.37 197.2 6.3 199.0 3.5       
3 Wood 5 10 173.41 bnlg1712 -0,01 2.96 3.98 -1.05 1.08 168.9 16 173.4 0       
4 Diameter 1 1 404.91 umc1676 -0,01 3.87 5.78 4.65 1.61 401.7 12.8 403.8 3.1     x 
4 TD3 1 1 405.91 umc1676 -1,01 5.43 8.16 6.60 1.30 402.8 11.1 404.8 7.1 x   (x) 
4 Diameter 2 2 477.71 mmp34 0,59 3.56 5.88 5.70 1.28 473.7 4.6 476.7 1       
4 TD3 2 2 478.31 mmp34 -0,01 2.75 3.71 3.40 1.03 467.4 17.8 476.7 1.6 x     
4 TD3 3 3 516.51 umc1140 9,79 3.14 7.12 4.68 1.09 505.5 35.3 512.5 6       
4 TD3 4 4 397.81 mmp115 -4,01 4.77 8.38 5.07 1.58 393.4 29 393.8 28.6       
4 Diameter 5 4 410.71 asg33 -0,01 5.44 8.33 5.37 1.82 404.4 14 401.8 14.6 x   x 
4 TD3 5 4 417.41 umc1775 -1,01 6.12 9.67 5.49 3.44 396.8 23.6 393.8 28.6     (x) 
4 Diameter 6 4 552.01 umc1999 -6,01 2.95 7.04 5.35 1.25 545.0 32.3 550.0 5       
4 TD3 7 9 239.91 bnl5.04 -0,01 5.21 7.22 4.83 1.60 231.5 12.1 233.5 8.5 x     
5 Volume 1 3 131.01 bnlg1447 -3,01 3.89 7.35 -2.86 1.16 127.1 24 129.0 5       
6 Weight 1 1 358.01 bnlg2295 2,39 2.46 4.99 -0.66 1.08 339.9 24.2 355.0 3       
6 Weight 2 1 548.71 ufg50 0,69 2.28 4.17 -0.62 1.06 541.1 16.4 547.7 4.1   x   
6 Cob yield 2 1 551.41 uaz147b 0,39 3.97 7.32 -30.47 1.96 541.5 13.3 544.5 11     x 
6 CWC 3 1 764.81 umc197a -0,01 2.50 4.37 0.63 1.26 750.7 20.1 764.8 2     x 
6 Cob yield 4 1 916.21 umc84a -0,01 3.21 5.46 -26.42 1.46 902.2 29.7 914.1 12.8       
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6 Cob yield 5 4 220.21 umc1963 -1,01 2.56 4.53 24.09 1.18 203.0 26.7 216.9 6       
6 CWC 6 9 240.91 bnl5.04 -1,01 4.23 7.42 1.07 1.12 235.7 10.9 239.9 2.1       
7 DEN2 1 1 369.21 csu3 -2,01 6.20 8.04 -1.12 1.85 356.0 18.2 359.0 19.9   x   
7 DEN2 2 2 244.21 mmp167 -0,01 5.48 6.41 -1.02 1.87 239.8 7.4 233.5 12.7     x 
7 DEN1 3 3 249.91 psr628 -0,01 3.13 3.93 0.70 1.06 245.9 18 249.9 0     x 
7 DEN2 4 5 428.81 umc1752 0,19 3.09 3.50 0.78 1.05 417.2 17.5 426.8 2.2     x 
7 DEN1 5 6 354.61 umc1859 -0,01 2.55 3.20 -0.60 1.02 349.0 29.9 354.6 0       
7 DEN2 6 6 367.61 bcd738a -4,01 3.30 4.48 -0.85 1.02 351.9 27 366.6 2     x 
7 DEN2 7 7 212.01 umc1393 -0,01 8.94 10.72 1.42 2.99 208.5 6.5 206.5 18.6   x x 
7 DEN1 7 7 217.11 isu086 -1,01 5.66 8.07 0.97 2.25 208.5 15.6 209.5 17.6   x x 
7 DEN2 8 7 444.81 umc1768 -4,01 3.32 4.22 -0.83 1.15 423.9 30 434.5 12.3       
7 DEN1 9 8 214.31 umc1910 0,29 3.23 4.33 -0.74 1.15 201.6 22.2 212.7 7.6   x   
7 DEN2 9 8 220.31 mmp195f -2,01 6.78 8.13 -1.16 2.38 215.6 13.3 214.6 25   x x 
8 Grain yield 1 1 557.51 umc1925 0,19 2.42 3.93 -129.8 1.23 536.1 21.6 543.5 14     x 
8 GWC 2 3 140.11 mmp79 -2,01 6.61 12.33 -6.38 2.15 131.0 18.1 128.0 28.9   x   
8 Grain yield 2 3 143.11 mmp186 0,99 3.46 6.08 -160.0 1.13 128.0 22.1 140.1 5 x     
8 GWC 3 4 500.81 umc1842 -0,01 3.68 5.69 4.53 1.17 486.3 18.8 496.0 4.8   x   
8 Grain yield 4 4 569.81 mmp94 -0,01 3.02 4.76 148.3 1.66 547.0 27.3 566.9 4.9       
8 GWC 5 9 15.01 npi253a -1,01 2.88 4.82 4.13 1.04 4.0 22.3 15.0 0       
8 GWC 6 10 403.61 mmp181 -0,01 5.54 8.77 -5.52 1.24 398.8 8.5 400.8 5.5       
8 Grain yield 6 10 403.61 mmp181 -0,01 6.23 10.37 -217.2 2.83 398.8 7.5 393.8 22       
8 GWC 7 10 418.81 bnlg1450 3,79 2.33 4.69 -3.96 1.19 391.2 31.4 411.8 8       
 
Table 3.3. (continued) 
For two grain weight traits, seven QTL were found on chromosomes 1, 3, 4, 9, and 10. On 
chromosomes 3 and 10, GWC and grain yield mapped to the same region (QTL 2 and 6). 
Additional QTL for grain yield were identified on chromosomes 1 and 4, and for GWC on 
chromosomes 3, 9, and 10. For QTL on chromosomes 1, 3, and 10, B73 alleles were 
negatively affecting grain yield, while for the GWC QTL on chromosomes 4 and 9, the B73 
allele effect was positive. For grain weight per cob, all five QTL together explained 36.3% of 
the total variance. The four grain yield QTL explained 10.4% of the variance. Absolute 
summed effects ranged from 129.8–217.2 g for grain yield, and from 3.96–6.38 g for GWC 
(Table 0.3). 
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Table 0.4. Additional QTL found using comparison wise thresholds with reselection of cofactors.  
a = additive effect of B73 allele, R² = explained variance fraction, Env = Indicates single environment 
analysis in which QTL was also found using standard method without reselection of cofactors for 
threshold determination. 
.  
In fifteen regions, 1.5 LOD confidence intervals of multiple QTL overlapped, whereof five 
regions showed QTL from related traits, including the pairs of CL3 and cob length on 
chromosome 9 (39.8 – 46.2), GWC and grain yield on chromosome 10 (403.6 – 418.8), DEN1 
and DEN2 on chromosome 6 (354.6 367.6), and TD3 and cob diameter on chromosome 4 
(397.8 – 417.4). In addition, TD3 and cob diameter mapped closely together with pith 
diameter on chromosome 1 (404.9 - 405.9). In a distance of 12.7 cM, wood diameter QTL 4 
mapped near DEN1 on chromosome 8. Wood diameter QTL 9 mapped near DEN2 on 
chromosome 8 and 2 with 18.7 cM and 7.7 cM distance, respectively. Pith diameter QTL 5 
mapped near density QTL 7 on chromosome 7 in a distance of 0.5 cM (DEN2) to 6.6 cM 
(DEN1). On chromosome 3, volume, CWC, and grain yield QTL mapped within 12.1 cM at 
positions 131.0, 140.1, and 143.1, respectively. On chromosome 9, pith, TD3, and CWC QTL 
overlapped (216.8 – 240.9). On chromosome 1, cob yield, cob weight, and grain yield QTL 
mapped within 8.8 cM. Also on chromosome 1, length, weight, and DEN2 QTL mapped 
within 12.2 cM (357 -3.69.2), and at position 742.2 to 764.8, 1.5 LOD intervals of length, CL3 
Trait Chromosome Position a R² Env (std method)
Length 1 357.01 -0.35 0.056 AME, ARL, MAD
Pith 1 100.81 -2.79 0.046 ARL
Pith 1 958.81 2.58 0.039
Wood 10 173.41 -1.05 0.040
Diameter 2 477.71 5.70 0.059 MAD
TD3 2 478.31 3.40 0.037 AME
TD3 3 516.51 4.68 0.071
Weight 1 358.01 -0.66 0.050
CY 1 916.21 -26.42 0.055
CY 4 220.21 24.09 0.045
Density2 1 378.91 -0.97 0.059 ARL
Density1 3 249.91 0.70 0.039 MAD
Density2 5 428.81 0.78 0.035 MAD
Density1 6 354.61 -0.60 0.032 MAD
GWC 3 156.91 -4.84 0.064
GWC 9 15.01 4.13 0.048
GWC 10 418.81 -3.96 0.047
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and CWC QTL overlapped. In all cases of co-located QTL, the B73 allele effects had the same 
direction for all co-located QTL, with the exception of the co-located pith and cob density 
QTL on chromosome 7, where the B73 allele for the pith QTL showed a negative effect and a 
positive effect for cob density. 
 
Figure 0.3. Chromosome map.  
Lines mark most likely position of QTL indicated by the scale on the right side (cM). QTL for traits 
length, CL3, pith, wood, diameter, TD3, volume, DEN1, DEN2, weight, CWC, GWC, cob yield, and 
grain yield are shown. 
Discussion 
Heritabilities and QTL 
The complexity of a trait is determined by the number of genes, their additive effects (G), 
their interaction (G x G, epistasis), their interaction with environmental factors (G x E) and 
the effects of environmental factors themselves (E). Under the assumptions of dominance 
and G x G effects being absent, narrow sense heritability and explained heritability by QTL 
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can be estimated from genotypic and phenotypic variances and total R² of the modeled QTL 
effects. With G x G likely being present, heritability estimates are for broad sense 
heritability. Heritabilities in this study were moderate to high (> 0.64) for all traits. The 
number of QTL detected ranged from one (cob volume) to seven for DEN2. Slightly more QTL 
were detected in this study than for other traits mapped in the same experiment on cob 
ethanol quality traits. Lorenz et al. [22] identified only one QTL for dry matter and a 
maximum of five QTL for lignin content. However, the number of mapped QTL per trait is 
low in this study compared to other studies with equal population size. The average four QTL 
identified per trait in this study were substantially fewer than the 12, 14, and 22 QTL found 
for three different root complexity traits in the same population using 231 IBM RILs [30]. A 
different threshold was used in this analysis and the choice of cofactors not reported plays a 
significant role in composite interval mapping. Fitting 20 cofactors in our study resulted in 
total 139 QTL. Thus, differences between studies can result from different threshold levels 
as well as number of cofactors and must not represent actual different numbers QTL 
underlying a trait. More conservative parameters will likely result in lower number of 
detected QTL but control false positives. 
In most QTL analyses only a fraction of genes affecting a quantitative trait are detected as 
QTL [31], [32]. Two main reasons for this so called missing heritability have been proposed: 
(1) overestimation of heritability due to incorrectly assuming absence of epistasis [32] and 
(2) a large number of hard to detect minor QTL [33]. Explained heritability as calculated from 
total R²/h² *100 ranged from 9.6% (volume) to 59.7% (DEN2) leaving a missing heritability of 
40-90%. 
Entry mean heritabilities were estimated assuming no genetic interaction. Overestimation of 
h² due to underestimation of epistasis directly affects explainable h² negatively in proportion 
to actually existing epistasis, following the general model mentioned above. Therefore, 
ignoring epistasis will affect estimation of explained heritability [32]. However, exploring 
epistasis will exponentially increase complexity of the analysis to the number of involved 
genes or QTL and was therefore not included in this analysis. 
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Moreover, population size affects power for QTL detection and even in large populations the 
majority of QTL with small effects will not be detected. Small population sizes have been 
shown to negatively affect power for QTL mapping in simulation [34] and field studies [35] 
also causing overestimation of QTL effects [36]. In addition, for traits that were subject to 
selection like grain yield or highly correlated with such traits under selection such as cob 
volume, cob weight and cob yield, low numbers of QTL are expected because QTL with large 
effects are likely fixed [37]. In our study, where the QTL with the smallest R² still explained 
3.2% of the phenotypic variation (DEN1), it is very likely that many other QTL with smaller 
effects exist, but the statistical power of detecting those was not sufficient. The number of 
QTL for grain yield and correlated traits that were subject to selection was also low in other 
studies. Only three grain yield QTL were found in a study of Mo17-topcross hybrids of 150 
BC1S1 lines produced from Illinois High Oil and recurrent parent B73 [38]. Even at larger 
population size (302), only three QTL were found for kernel weight analyzing the same IBM 
RIL population in four environments [39]. However, in the same study >20 QTL each were 
identified for oil and protein concentration, showing possible trait differences for number of 
QTL using the same method and experiment [39]. Absence of major QTL in our study, a small 
number of QTL per trait, and high heritabilities support that the majority of QTL affecting 
those traits have minor effects, hard to detect even by very large population sizes [35], [40].  
QTL consistency, correlation and path analysis congruency  
Consistency of QTL across studies can be expected if major genes are involved and genetic 
complexity of traits is low (oligogenic inheritance). Compared to two earlier F2:3 studies in 
IBM [7] or involving parent Mo17 [12], only few QTL (3 of 22) were consistent with our 
study. No QTL were consistent for cob yield and cob diameter with a study employing 150 
Illinois Low Protein x B73 BC1S1 lines [11]. Similarly, no QTL for grain yield and cob length 
were in common with another QTL study based on 210 F2:3 lines [14]. Taken together, these 
findings are in agreement with a complex inheritance of cob traits.  
QTL co-locating with known mutants indicate involvement of respective candidate genes in 
trait expression. Several mutants of genes involved in ear and cob formation have been 
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found and described [41]. Examples include ba2 (barren stalk 1), ra1 (ramosa 1), or ph1 (pith 
abscission 1) with cob disarticulation as one of the loci differentiating maize and teosinte 
[41]. Three genes are located nearby QTL locations of this study. Locus td1 with the thick 
tassel dwarf phenotype with increased spikelet density in tassels maps within 1-2 IBM cM 
(between marker umc1 (246.4 cM) and umc1355 (246.6 cM)) within the CWT-interval of 
wood diameter QTL 4. Even though this mutation affects primarily tassel spikelet density, it 
might affect densification in maize flower tissue and, consequently, cob tissue density. On 
chromosome 7, distal to pith QTL 5 and nearby density QTL 7 maps the ra1 locus with effects 
on ear and tassel branching. The control of such second order meristems was proposed to 
be under selection for domestication where larger first order meristems were favored 
resulting in the modern cob architecture [42], [43]. Close to marker umc259b, ba2 maps 
near wood QTL 1 at 236.5 IBM cM and DEN2 QTL 2 at 244.2 IBM cM. Mutants of ba2 
encoding for a transcription factor show severe ear phenotypes with no or poor ear 
development. Weaker expression of such severe phenotypes could affect cob architecture, 
tissue structure, branching pattern and therefore cob density [44]. Not all co-located 
candidate genes will be causative for the according QTL. However, all those genes are 
involved in ear development especially with respect to branching and can, therefore, be 
considered as candidate genes with possible impact on agronomically important cob traits. 
The proposed models for path analysis are based on the general architecture of cobs and 
correlations or covariance structure among traits. Due to trait hierarchy, co-localized QTL for 
component traits pith and wood diameter with QTL for cob diameter are most likely due to 
pleiotropy. B73 alleles increase both, wood and cob diameter (chromosome 4) and pith and 
cob diameter (chromosomes 1 and 9). On chromosome 7 (206.01cM), B73 alleles increased 
pith and decreased density at neighboring loci (212.01cM). In addition, on chromosomes 2 
and 8, B73 alleles decreased wood diameter and density for neighboring loci. These findings 
are in agreement with trait correlations, and in agreement with expectations for pleiotropy 
of QTL affecting traits at different hierarchy levels.  
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Cob yield, cob weight, and CWC were positively correlated with all traits of lower order in 
the model including pith diameter. In the next lower order class, volume and density of 
single cobs directly explained single cob weight. It is important to note that density is only 
partly explained by pith and wood diameter, and further depends on the actual density of all 
involved tissues including pith, wood and chaff, which are not available. For pith the 
(supposedly negative) indirect effect through density as opposed to the indirect effect 
through volume was minor, because the total of indirect effects of pith on weight was 
positive. While the direct effects of wood and pith diameter on cob weight were not 
significant, the total effects as the sums of indirect and direct effects were positive and 
significant. Wood diameter has positive effects on cob diameter and weight. A reduced pith 
fraction will increase cob density by an increased wood fraction, as pith and wood diameter 
are negatively correlated. However, the ratio of pith and wood is independent from cob 
volume, and thus offers optimization potential for higher cob biomass at a given volume. 
Ideotype and implementation  
To satisfy future biomass demand for lignocellulosic energy production, larger cobs with 
denser tissue yielding more biomass being easier to transport and store would be desirable 
[2]. Porous cob tissue with large volume might only be favored for few applications such as 
animal bedding or absorption materials. Cob biomass could be maximized by increasing cob 
volume or cob density or a combination of both.  
Considering grain yield and cob yield as economically most important traits and with cob 
yield as the trait easiest to score and closely correlated with grain yield (rg = 0.77) a selection 
index for grain yield based on grain and cob prizes could be formulated. Based on prices of 
$50-100 per ton for cobs [45], [46] and $150-200 per ton grain [47] two contrasting indices 
could be created such as index0.25 = 4xgrain yield + cob yield (grain four times as worth as 
cobs) or index0.5= 2xgrain yield + cob yield (grain worth twice as much as cobs). While the 
10% (19 lines), 5% (10 lines) and 1% (4 lines) selected based on index0.25 coincide with 
those selected only for grain yield, the index0.5 would change the set of lines for the top 
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10% (18/19 lines overlap) and 1% (3/4 lines overlap) in favor for lines that rank high in cob 
yield. 
Physiologically, a close correlation between cob and grain yield is likely due to the close 
correlation between grain yield and cob volume. Most studies are consistent with regard to 
positive correlations between ear length and grain yield [6], [7]. However, breeding for 
longer ears showed no positive impact on grain yield in a long term project by Hallauer [48]. 
In addition, extreme large cob types such as pipe corn or choclero types only show large 
cobs when planted at very low planting densities and do not perform accordingly for grain 
yield per area (personal communication Michael Blanco, USDA, Ames, IA). Tissue density 
uncorrelated with grain yield and all other traits but cob weight shows great potential for 
additional cob biomass increase and could also play a key role when transportation and 
storage costs of biomass are essential at high fuel cost. To capture the beneficial properties 
of higher density, positive correlation with cob yield and lack of negative effects due to its 
independence from grain yield is favorable. This enables for selection of denser cobs when 
selecting genotypes for dual-purpose based on grain yield and cob yield. This hypothesis is 
supported by the genetic makeup of selected lines in this population. The five best lines for 
grain yield in this population are M0059, M0201, M0165, M0131, and M0017, sorted by 
grain yield performance over all environments ranking 5th, 52nd, 12th, 38th, and 1st for cob 
yield, respectively. M0017, best for cob yield, also ranked first for both density traits and 
carried all favorable alleles for cob yield, CWC, weight, DEN1, and DEN2 QTL detected, but 
unfavorable alleles for six of the eight grain yield, GWC and volume related QTL. M0059 
showed all nine favorable grain yield, GWC, and volume alleles, but only eight of twelve 
genotyped QTL for cob yield, CWC, weight, DEN1 and DEN2 QTL were unfavorable (two 
missing scores). Both lines ranked top in their types showing that volume-cob types as well 
as density-volume-cob types can yield high grain and cob yield. However, all favorable alleles 
could be combined to develop superior genotypes. 
However, when combining favorable QTL, not all QTL associated with diameter are equally 
useful to create more and denser biomass. To further investigate the potential for replacing 
58 
 
pith by wood ratios for higher density at given volume, wood and chaff were sorted by 
fraction of pith for all lines (Figure 3.4). Chaff fraction (in percent of total diameter) remains 
relatively constant in this population (CV = 0.08) whereas the ratio of pith and wood account 
for the majority of differences in density between all lines of this population (Figure 3.4). To 
increase density, the ratio of wood to pith diameter should be increased. 
The best current breeding strategy for complex inherited cob traits and grain yield appears 
to be genomic selection [9], [49], [50]. However, if pleiotropy between pith, wood and cob 
diameter, as well as density traits can be verified, selection of certain QTL that favor density 
and volume by a higher wood fraction will benefit from knowledge about gene function and 
the physiological basis of the underlying QTL. Here, known mutant genotypes could serve as 
a starting point for further investigations.  
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Supplemental material 
Table ST 0.1. Model fit criteria.  
Hoelter05 describes the critical sample size at which the model would be significant with respect to 
Chi² - test at p =0.05. AIC = Akaike’s Information criterion, RSMEA 09 = Root mean square error of 
approximation. Models refer to two proposed model; Model A = length, pith, wood and diameter are 
as exogenous variable, volume and density as intervening variable and weight as endogenous 
variable, Model B = length, pith, and wood are fitted as exogeneous variable, diameter, volume and 
density as intervening variable and weight as endogenous variable. 
 
Model AIC Chi² RMSEA 09 Hoelter 05 
Saturated 70       
A  68.06 0.82 0.12 13170 
A-AIC 59.67 0.95 0.01 1380 
B 68.06 0.82 0.12 13170 
B-AIC 59.67 0.95 0.01 1380 
 
Table ST 0.2. Direct, indirect and total effects of Model A, A-AIC, B, and B-AIC 
Significance of effects is indicated by *; *indicates P < 0.05, ** indicates P < 0.01. 
 
 
  
Model A A optimized for AIC 
Effect Pith Length Wood Diameter DEN2 Volume Pith Length Wood Diameter DEN2 Volume
Total Volume 0.03** 0.55** 0.01 0.67** 0.02* 0.55** 0.68**
Total Dens2 0.09 -0.02 0.57** -0.36** 0.52** -0.29**
Total Weight 0.09** 0.51** 0.31** 0.32** 0.52** 1.13** 0.03** 0.51** 0.27** 0.37** 0.52** 1.14**
Direct Volume 0.03** 0.55** 0.01 0.67** 0.02* 0.55** 0.68**
Direct Dens2 0.09 -0.02 0.57** -0.36** 0.52** -0.29**
Direct Weight 0.01 -0.11 -0.00 -0.25* 0.52** 1.13** -0.11 -0.25** 0.52** 1.14**
Indirect Volume
Indirect Dens2
Indirect Weight 0.08** 0.62** 0.31** 0.57** 0.03** 0.63** 0.27** 0.62**
Model B B optimized for AIC
Pith Length Wood Diameter DEN2 Volume Pith Length Wood Diameter DEN2 Volume
Total Diameter 0.71** 0.13** 0.59** 0.71** 0.13** 0.59**
Total Volume 0.50** 0.64** 0.40** 0.67** 0.50** 0.64** 0.40** 0.68**
Total Dens2 -0.17** -0.06** 0.36** -0.36** -0.21** -0.04** 0.35** -0.29**
Total Weight 0.31** 0.55** 0.49** 0.32** 0.52** 1.13** 0.29** 0.56** 0.48** 0.37** 0.52** 1.14**
Direct Diameter 0.71** 0.13** 0.59** 0.71** 0.13** 0.59**
Direct Volume 0.03** 0.55** 0.01 0.67** 0.02* 0.55** 0.68**
Direct Dens2 0.09 -0.02 0.57** -0.36** 0.52** -0.29**
Direct Weight 0.01 -0.11 -0.00 -0.25* 0.52** 1.13** -0.11 -0.25** 0.52** 1.14**
Indirect Diameter
Indirect Volume 0.47** 0.09** 0.39** 0.48** 0.09 0.40**
Indirect Dens2 -0.26** -0.05** -0.21** -0.21** -0.04** -0.17**
Indirect Weight 0.30** 0.66** 0.50* 0.57** 0.29** 0.68** 0.48** 0.62**
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Abstract 
With rising energy demands and costs for fossil fuels, nitrogen prices are likely to increase 
and alternative energy from renewable sources such as maize cobs will become competitive. 
Maize cobs have beneficial characteristics for utilization as feedstock including compact 
tissue, high cellulose content and low ash- and low nitrogen content. In this study 
quantitative trait loci (QTL) have been analyzed for cob morphological traits such as cob 
weight, volume, length, diameter and cob tissue density and grain yield under normal and 
low nitrogen regimes. 213 doubled haploid lines of the intermated B73xMo17 (IBM) Syn10 
population have been resequenced for 8575 SNP markers. Total 138 QTL were found for six 
traits across six trials at significance using composite interval mapping with ten cofactors and 
empirical comparison-wise thresholds (P=0.001). Despite moderate to high repeatabilities 
across trials, few QTL were consistent across trials and overall levels of explained phenotypic 
variance were lower than expected for some of the cob trait x trial combination (R² = 7.3–
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43.1%). Cob traits were found less affected by low nitrogen conditions than grain yield 
offering potential cob harvest under low nitrogen regimes possible in the future. 
Introduction 
Limited supply of fossil fuels has caused high prices for energy and will likely continue to do 
so in the future. This affects costs for energy demanding mineral nitrogen fertilizer 
production, and makes alternative, less nitrogen intensive energy sources more competitive. 
Massive nitrogen application has negative effects on the environment and water quality 
(Power et al. 1989, Vitousek et al. 1997). With development of new conversion technologies 
to produce renewable energy from cellulosic biomass, feedstock such as maize cobs has 
become a valuable resource. Possibly dual-purpose maize varieties with both, superior grain 
and cob biomass yield, will make maize cob utilization more attractive and economically 
feasible. Continuously increasing nitrogen prices and political decisions to protect the 
environment might urge farmers to limit nitrogen application. Maize cobs have beneficial 
properties including low nitrogen content, limiting additional nitrogen input while 
potentially opening an alternative income for farmers. Therefore, dual-purpose maize 
varieties were proposed combining high cob biomass and grain yield potential (Jansen and 
Lübberstedt 2012). Exploring and understanding the genetic basis of cob biomass in relation 
to grain yield under varying nitrogen management regimes will help breeders to develop 
dual-purpose maize. The ten times intermated B73xMo17 doubled haploid population 
(IBM10DH; Hussain et al. 2007) features alleles from two prominent inbred lines, differing 
substantially in their cob architecture. Moreover, IBMSyn10DH has a high genetic resolution 
for fine mapping studies, due to ten generations of recombination. The resultant low linkage 
disequilibrium can be captured, so long as an adequate number of molecular markers are 
used; we have achieved this by using a genotyping-by-sequencing and resequencing 
approach (GBS; Huang et al. 2010). The increase in both genetic resolution and marker 
density results in more precise mapping of QTLs, and in turn is expected to increase the 
efficiency of marker-assisted selection. 
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The objectives of this study were to i) investigate cob biomass traits including cob weight, 
volume, length, diameter, and tissue density, as well as their interrelations and their relation 
to grain yield, ii) identify genomic regions associated with these traits, and iii) evaluate the 
effect of limited nitrogen supply on cob architecture traits and the effects of associated 
genomic regions. 
Material and methods 
245 doubled haploid lines (DHLs) of the ten times intermated B73xMo17 population (IBM; 
Hussein et al. 2007) and their parental inbred lines B73 and Mo17 were evaluated from in 
total six trials (Table 4.1) at two locations in Iowa in 2010 at Marion, Iowa, managed by 
Pioneer and at ISU Burkey Farm, Boone, Iowa and 2011 at ISU Burkey Farm, Boone, Iowa. 
Genotypic data was available for a subset of 213 lines used for QTL mapping. Each year – 
location combination was considered an environment, each environment – nitrogen 
combination was considered a trial. 
In 2010, different levels of urea fertilizer application were used for low (LN) and normal 
nitrogen treatments (NN). LN treatments were established by applying 56 kg N/ha at Marion 
(MAR10LN), and no N at Burkey Farm (BUR10LN). For control, a normal N treatment (NN) 
was applied with 250 kg N/ha at Burkey (BUR10NN) and 269 kg/ha at Marion (MAR10NN). In 
2011, a blend of 45% urea, 40% ESN® (Agrium), and 15% AMS (ammonium sulfate) was used 
and 62 kg N/ha were applied at Burkey for LN (BUR11LN) and 250 kg N/ha for NN 
(BUR11NN). In all three location-years, both treatments were repeated twice in a 
randomized complete block design, with blocks nested within N-treatments. Plot size was 
5.5x1.5 m² at Burkey in both years and 5.3x1.5 m² at Marion. Plant stands were thinned to a 
density of 69,187 plants/ha. At Burkey, all ears were hand harvested from each plot and a 
sample of four ears per plot chosen from representative plants. At Marion, cob samples 
were taken prior to machine harvest. All ears were dried four days to constant weight at 
37.8°C in an air blown commercial dryer. Dry ears were hand shelled and cob traits were 
obtained from the four sample cobs and averaged for each entry. Grain yield (GY) was 
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determined for all plants for each plot including sampled ears and corrected to 15.5% 
moisture content for reporting in metric tons per ha (MT/ha). 
Image analysis  
Image analysis was used to determine cob length, average cob diameter, and cob volume. 
From each cob, two pictures were taken and analyzed using MATLAB2 (The Mathworks, Inc. 
Natick, MA, USA) (code 1; Appendix 1). Cob pixels were called, if color information of the 
pixel was different from the blue background as defined for each picture separately from 
color information of pixels in a reference area that only included blue background. Cob 
length (LEN) was derived from the average of both pictures for maximum number of cob 
pixels across multiplied by a constant accounting for the relation between pixel/cm. Average 
diameter (DIA) was calculated by averaging the length of all columns within the cob and 
multiplying with the constant accounting for the relation between pixel/cm. Cob radius at 
each column (0.5*diameter) from both pictures were used to define an elliptical slice of one 
pixel width at a given position. Cob volume (VOL) was derived as the sum of all elliptical 
slices along the cob. Cob weight (WEI) was obtained for each cob on a fine scale and cob 
tissue density (DEN) was calculated as the ratio of cob weight and cob volume. 
Statistical analysis  
Statistical analysis was carried out using mixed model procedure PROC MIXED in SAS 
software. The linear model including all six trials, and 2010 trials can be written as Yijkl = µ + 
Ei + Nj + N*Eii + B(ij)k + Ll + E*Lil + N*Ljl + N*L*Eijl + e(ij)kl, where observation Yijkl is the plot 
based phenotype as sum of the mean, the random effect of the ith environment E, the fixed 
effect of the jth nitrogen level N, the random effect of the jth line Lj, their respective 
interactions N*Eik, L*Ejk, and N*L*Eijk and the error e(ij)kl. When analyzing each environment 
separately, the environment effect and interactions including environment were excluded 
from the model. When analyzing all six nitrogen x environment combinations as six separate 
                                                           
2
 © 2012 The MathWorks, Inc. MATLAB and Simulink are registered trademarks of The MathWorks, Inc. See 
www.mathworks.com/trademarks for a list of additional trademarks. Other product or brand names may be 
trademarks or registered trademarks of their respective holders. 
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trials, only lines and blocks were fitted in the model. Repeatabilities for each trial and 
environment across nitrogen treatments were calculated on a plot and entry mean basis 
from variance components using PROC VARCOMP (SAS). Least square means were estimated 
by fitting lines fixed, with block*lines interactions as error term for each experiment. 
Genotypic and phenotypic correlations were derived for each nitrogen treatment separately 
using PROC MIXED (Holland 2006).  
QTL analysis  
QTL analyses were carried out with QTL Cartographer version 1.17 (Basten et al. 1994) using 
composite interval mapping (CIM; Zmap model 6), and the ten most significant cofactors 
identified with forward and backward regression. QTL were scanned at 1 cM intervals and at 
each marker. During CIM, cofactor effects originating from positions mapping within 10 cM 
of the test position were excluded from the model. In order to limit the type I error rate, 
comparison-wise thresholds (CWT) based on 1,000 permutations of the phenotype data 
were determined at significance levels of α=0.001 (and α=0.01) for each trait by using scripts 
updated for CIM to include cofactor reselection for each permuted data set (Lauter et al. 
2008). QTL were treated as separate when their peaks were at least 20 cM apart. 
Genotypic scores of 8575 SNP based recombination bin markers were obtained from data 
derived by resequencing (Huang et al. 2009, Liu et al., in preparation) carried out by the 
Bejing Genomics Institute (BGI; Bejing, China). After resequencing doubled haploid lines 
DHLs for candidate SNPs, genotypes of the DHLs were called based on the ratio between 
parental genotypes for all SNPs within a 15 SNP sliding window also defining recombination 
break points (Huang et al. 2009). Thirty lines indicated partial heterozygosity and were, thus, 
excluded from QTL mapping. All DHLs were aligned and compared for a minimum of 100 kb 
intervals, pooling multiple monomorphic intervals into larger bins, resulting into 8726 bins 
(Huang et al. 2009). The average bin size was 240 kb. Recombination rates were calculated 
for the remaining 213 lines and converted to cM using Haldane´s mapping function (Haldane 
1919). 140 markers of the initial 8726 markers were excluded because of colinearity. In 
addition, seven markers on chromosome 8 and four markers on chromosome 9 were 
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excluded, as those markers were inconsistent with the location expected from the B73 
reference genome sequence. Calculating pair-wise similarity across all markers, showed that 
the most likely positions of the seven markers expected to be located on chromosome 8 was 
in a well-covered region on chromosome 2, while the four markers on chromosome 9 most 
likely belong at a different location on chromosome 9, around 100 cM away. Segregation 
distortion was found for several regions across the genome. However, all remaining 8575 
SNPs were used for QTL analysis.  
LSmeans used for QTL analysis were correlated to, and regressed on best linear unbiased 
predictors (BLUPs; Henderson 1975) for comparison. Due to close correlations (0.98-1) with 
an average of 0.999, and high average regression coefficients (0.997), results will be similar 
using BLUPs. 
QTL findings were compared to findings in the recombinant inbred lines of IBM (Lee et al. 
2002) using the estimated physical positions of associated markers in RILs according to B73 
reference sequence version 2 using the Locus Lookup tool (Andorf et al. 2010, 
www.MaizeGDB.org). 
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Results 
Analysis of variance 
Table 0.1. Means, standard deviations, minimum, maximum, and coefficients of variation at low 
and high nitrogen management for BUR10, MAR10, and BUR11. 
n = number of observations, STD = phenotypic standard deviation, Min = minimum observation, Max 
= maximum observation, CV = coefficient of variation, Red. % = reduction of mean under LN in % of 
NN mean (MEAN) for traits. Traits include weight in g (WEI), volume in cm³ (VOL), length in cm (LEN), 
diameter in cm (DIA), density in g/cm³ (DEN), and grain yield in MT/ha (GY). 
 
 
In 2010, means for all six traits were reduced under LN, cob density (3.6% and 8.8%) and cob 
diameter (5.8% and 11.6%) decreased least and grain yield (30.7% and 60.9%) and cob 
TRAIT n MEAN STD MIN MAX CV n MEAN STD MIN MAX CV Red.%
WEI 419 10.06 3.02 2.53 19.61 30.04 418 5.6 1.83 0.82 12.11 32.61 44.34
VOL 419 51.01 13.34 9.36 103.32 26.15 418 31.5 9.24 4.01 62.42 29.32 38.25
LEN 419 12.49 1.93 6.13 19.53 15.47 418 9.67 1.8 4.95 16.07 18.64 22.56
DIA 419 2.19 0.21 1.21 2.7 9.79 418 1.93 0.2 0.87 2.37 10.11 11.62
DEN 419 0.2 0.03 0.12 0.28 15.3 418 0.18 0.03 0.11 0.28 16.11 8.8
GY 425 1.91 1.08 0 4.95 56.44 425 0.75 0.47 0 2.29 63.71 60.92
TRAIT n MEAN STD MIN MAX CV n MEAN STD MIN MAX CV Red.%
WEI 424 13.15 3.52 2.49 26.93 26.75 423 10.33 3.18 3.29 19.95 30.77 21.49
VOL 424 67.85 15.06 16.26 112.21 22.2 423 55.05 14.3 16.29 94.95 25.98 18.87
LEN 424 14.2 2.07 6.25 20.74 14.58 423 12.79 2.08 5.89 18.69 16.24 9.9
DIA 424 2.38 0.21 1.4 2.9 8.91 423 2.24 0.21 1.36 2.71 9.57 5.82
DEN 424 0.19 0.03 0.13 0.31 15.22 423 0.19 0.03 0.12 0.28 14.8 3.62
GY 424 4.45 1.46 0.37 7.41 32.75 424 3.08 1.27 0.18 6.17 41.34 30.72
TRAIT n MEAN STD MIN MAX CV n MEAN STD MIN MAX CV Red.%
WEI 417 10.85 3.71 1.31 23.29 34.23 426 11.64 3.36 2.97 21.06 28.88 -7.28
VOL 417 53.69 15.41 6.69 101 28.71 426 57.22 13.75 16.3 96.15 24.04 -6.58
LEN 417 12.42 2.14 6.46 19.32 17.2 426 13.25 2.03 5.84 20.77 15.29 -6.64
DIA 417 2.24 0.25 1 2.825 10.95 426 2.26 0.2 1.52 2.73 8.79 -0.99
DEN 417 0.2 0.03 0.12 0.289 14.77 426 0.2 0.03 0.12 0.28 14.55 -0.76
GY 425 2.68 1.54 0 6.484 57.2 426 3.4 1.43 0 6.49 42.06 -26.65
BUR11
NN LN
BUR10
NN LN
MAR10
NN LN
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weight (21.5 and 44.3%) decreased most under LN (for MAR10 and BUR10, respectively, 
Table 4.1). In 2011, traits showed similar response relative to each other, but in opposite 
direction. CV was lowest (<11) for DIA in all six trials and highest for grain yield (32.8-62.7; 
Table 4.1). 
Table 0.2. ANOVA results 2010 and over all trials. 
P-values from ANOVA are shown for all trials (Overall) and trials of 2010 (2010) for each of the five 
cob traits including weight (WEI), volume (VOL), length (LEN), diameter (DIA), and tissue density 
(DEN), as well as grain yield (GY) for the effects of nitrogen management (N), environment (E), Block 
(R) nested in ExN combinations, genotype (G) and the respective interactions as indicated. 
 
 
The ANOVA of all three environments uncovered no significant main effects of N and 
environment (α = 0.05). However, genotype effect, GxN-, GxE-, and GxExN-effects were 
significant (Table 4.2). ANOVAs conducted by environment showed that the N-effect was 
significant (α = 0.05) at BUR10 for all traits, but non-significant at MAR10. However, the N-
effect was significant at MAR10 for P = 0.20. At BUR11, the N-effect was significant for all 
traits but DIA and DEN, but effects were negative resulting in lower means under NN for all 
Source WEI VOL LEN DIA DEN GY
N 0.314 0.3147 0.4151 0.2836 0.3003 0.4572
E 0.2873 0.2486 0.3528 0.219 0.2996 0.1735
ExN 0.0031 0.0034 0.0011 0.0028 0.0018 0.0055
R(ExN) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
G <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxE 0.0007 <.0001 0.0025 <.0001 0.2439 0.0004
GxE <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxExN <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Source WEI VOL LEN DIA DEN GY
N 0.1344 0.1243 0.2029 0.1757 0.2518 0.0384
E 0.1202 0.095 0.1736 0.1314 0.7889 0.0143
ExN 0.2393 0.2688 0.0972 0.1261 0.0454 0.71
R(ExN) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
G <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxE 0.0038 0.0009 0.0242 0.0069 0.2091 0.0007
GxE <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxExN 0.0007 0.0024 0.0003 0.0003 <.0001 <.0001
2010
Overall
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traits (Table 4.3). Genotype effects of lines and interaction of genotype x nitrogen (GxN) 
were significant at all three environments. 
Table 0.3. ANOVA results for BUR10, MAR10, and BUR11. 
P-values from ANOVA are shown for single environments including Burkey 2010 (BUR10), Marion 
2010 (MAR10), and Burkey 2011 (BUR11) for each of the five cob traits including weight (WEI), 
volume (VOL), length (LEN), diameter (DIA), and tissue density (DEN) and grain yield (GY) for the 
effects of nitrogen management (N), Block (R) nested in N, genotype (G) and the respective 
interactions as indicated. 
 
 
Plot based repeatabilities were moderate to high (36.8-85.5%; Table 4.4). On average, grain 
yield and cob density showed the highest and cob volume the lowest repeatabilities. While 
the repeatability for cob density was consistently high (68.2-85.4%), several moderate 
repeatabilities were found for grain yield in MAR10LN (45.1), BUR10 (52.1) and over all LN 
(44.1%). Repeatabilities were generally lower under LN in 2010 but did not vary greatly 
between LN and NN at BUR11. Similar effects were found for entry mean based 
repeatabilities (Table 4.4). 
Source WEI VOL LEN DIA DEN GY
N 0.0005 <.0001 <.0001 0.0011 0.0048 0.0009
R(N) 0.005 0.0519 0.2906 0.0145 0.0159 <.0001
G <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxN <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Source WEI VOL LEN DIA DEN GY
N 0.1244 0.1231 0.1574 0.1252 0.1385 0.1186
R(N) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
G <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxN 0.0036 0.0006 <.0001 0.0009 <.0001 <.0001
Source WEI VOL LEN DIA DEN GY
N 0.0004 0.0219 0.0005 0.06 0.3504 0.0079
R(N) 0.5141 0.1402 0.3975 0.2333 0.0826 0.0178
G <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
GxN <.0001 0.0008 0.0012 <.0001 <.0001 <.0001
BUR10
MAR10
BUR11
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Table 0.4. Plot based ( !" ) and entry mean based repeatability (#$%&" ) in %. 
Traits are weight (WEI), volume (VOL), length (LEN), diameter (DIA), density (DEN), and grain yield 
(GY). NN = normal nitrogen management, LN = limited nitrogen management. 
 !"  
Trait BUR10NN BUR10LN MAR10NN MAR10LN BUR11NN BUR11LN BUR10 MAR10 BUR11 NN LN 
WEI 62.6 48.6 68.9 54.1 70.4 69.9 43.8 58.4 62.2 55.4 45.1 
VOL 56.2 41.4 62.1 44.3 65.2 66.0 36.8 48.3 60.3 49.0 39.2 
LEN 57.9 53.6 65.2 53.2 72.2 69.9 46.0 53.3 67.5 54.4 49.4 
DIA 59.8 49.2 68.3 52.9 68.6 74.1 48.3 55.3 63.4 53.5 47.8 
DEN 77.8 74.8 84.5 82.7 85.4 85.4 71.7 80.6 79.6 74.7 68.2 
GY 79.6 75.1 73.7 45.1 85.5 76.0 57.2 52.1 77.3 58.2 44.1 
#$%&"  
Trait BUR10NN BUR10LN MAR10NN MAR10LN BUR11NN BUR11LN BUR10 MAR10 BUR11 NN LN 
WEI 77.0 65.4 81.6 70.2 82.7 82.3 75.7 84.9 86.8 88.2 83.2 
VOL 72.0 58.5 76.7 61.4 78.9 79.5 70.0 78.9 85.9 85.2 79.4 
LEN 73.3 69.8 78.9 69.5 83.9 82.3 77.3 82.0 89.3 87.8 85.4 
DIA 74.8 66.0 81.1 69.2 81.4 85.1 78.9 83.2 87.4 87.4 84.6 
DEN 87.5 85.6 91.6 90.5 92.1 92.1 91.0 94.3 94.0 94.7 92.8 
GY 88.7 85.8 84.9 62.2 92.2 86.3 84.3 81.3 93.2 89.3 82.5 
 
No significant negative correlations were found (p = 0.01, Table 4.5). Cob weight was closely 
correlated with cob volume (rG = 0.79) and showed moderate correlation with all other traits 
(rG = 0.48-0.66). Grain yield was positively correlated with all traits (rG = 0.37-0.57), but 
correlation with cob density was non-significant. Cob density was uncorrelated with all traits 
except cob weight (rG = 0.58). Phenotypic and genotypic correlations were similar. However, 
the phenotypic correlation between length and diameter was significant (rP = 0.38), while 
genotypic correlation was non-significant (rG = 0.12, Table 4.5). Correlations in 2010 NN, LN 
and 2011 NN and LN across trials are shown in supplementary Table ST 4.1. 
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Table 0.5. Genotypic and phenotypic correlations. 
Genotypic correlation (rG) and phenotypic correlation (rP) are shown below and above the diagonal, 
respectively. Traits are weight (WEI), volume (VOL), length (LEN), diameter (DIA), density (DEN), and 
yield (GY). n.s. = not significantly different from zero at α = 0.05. 
 
QTL results 
Summed over all six trials, 117 QTL were found for five cob architectural traits and 21 QTL 
for grain yield (supplementary Table ST 4.2). One to six QTL were found at each trial x trait 
combination. At BUR10, 22 and 21 QTL were found for cob traits at NN and LN, respectively. 
At MAR10, the lowest number of QTL were found for cob traits with 17 and 13 QTL at NN 
and LN, respectively. Most QTL were found at BUR11, with 23 QTL under each nitrogen 
treatment. For grain yield, this trend was inversed and 2 (1), 5 (3), 4 (1) QTL were found at 
BUR10, MAR10, and BUR11 at NN (LN), respectively. 
For cob weight (WEI), 22 QTL were found across the genome (supplementary Table ST 4.2), 
with 11 QTL found for each nitrogen treatment level. For three genome regions, QTL peaks 
were found within 10 cM of one another across multiple trials (supplementary Table ST 4.2). 
For example, On chromosome 1, QTL were found at similar positions in trials BUR10NN, 
BUR10LN, and BUR11LN, and BUR11NN at positions 956.7, 964.8, 960.5, and 949.0 cM, 
respectively. On chromosome 4, QTL were found for BUR10NN, MAR10LN, and BUR11NN 
(617.5-627.5 cM), while for MAR10NN a QTL was found at position 640.8 cM. For BUR10NN 
and MAR10LN, QTL were found on chromosome 10 at 710.3 and 700.3 cM, respectively. The 
lowest number of QTL (2) was found at MAR10LN and a maximum of five QTL at BUR11LN. 
Summing over all QTL within each of the six trials, the total explained phenotypic variance 
increased with number of detected QTL and was highest at BUR11LN (R² = 32.0%) and 
rG\rP WEI VOL LEN DIA DEN GY
WEI 0.85 0.67 0.72 0.5 0.46
VOL 0.79 0.79 0.83 0.01
ns
0.52
LEN 0.52 0.68 0.38 -0.01
ns
0.39
DIA 0.66 0.8 0.12
ns
0.00
ns
0.48
DEN 0.58 -0.04
ns
-0.04
ns
0.01
ns
0.04
ns
GY 0.48 0.57 0.37 0.56 0.04
ns
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lowest at MAR10LN (R² = 9.3%; Table 6). The QTL with the highest R² (11.8%, BUR10NN) was 
located on chromosome 1 at position 956.7 cM, and showed a positive additive effect of 1 g 
for the B73 allele. For the majority of QTL for cob weight, the B73 allele showed a positive 
effect (14 QTL with average allele effect of 0.80 g), while at 8 QTL the effects were negative 
(average -0.70 g).  
For cob volume (VOL) 11 and 13 QTL (total 24) were found at NN and LN trial, respectively. 
R² was low for single QTL (<12.2, chromosome 1, 949 cM, MAR11LN), while total R² for single 
trial analyses ranged between 7.3% (MAR10NN) and 43.1% (BUR11LN). Similar numbers of 
positive allele effects came from each of the parents B73 and Mo17 (for 11 and 13 QTL with 
an average effect of 3.34 cm³ and 3.41 cm³, respectively). For two genome regions around 
370 cM apart on chromosome 1, QTL were found in multiple trials (supplementary Table ST 
4.2). In one of these regions, QTL were found for BUR11NN and BUR11LN at positions 556.0 
and 562.1 cM, respectively. In the second region, QTL were found for BUR10LN, BUR11NN, 
and BUR11LN at positions 946.2, 949.0, and 950.0 cM, respectively. For BUR10NN, a QTL 
was found at 930.6 cM on chromosome 1, too. In a third region on chromosome 10, two QTL 
were detected for BUR11NN and BUR11LN at positions 722.5 and 710.7 cM, respectively. 
25 QTL were found for cob density (DEN) on all chromosomes, except chromosomes 6 and 
10 (supplementary Table ST 4.2). Fifteen of those were found at NN. For 14 QTL the B73 
allele showed a positive effect with an average of 0.0078 g/cm³. For 11 QTL the effects were 
negative (average effect of -0.0076 g/cm³). Between two (BUR10LN) and six QTL (BUR11NN) 
were found in single trial analyses, where the total explained phenotypic variance was 
highest at BUR11NN (R² = 41.1%) and lowest at BUR10LN (R² = 16.5%; Table 6). On 
chromosome 9 at position 349.9 cM the QTL with the highest R² (11.1%) was found with a 
negative additive effect of -0.0097 g/cm³ for B73 (BUR10LN). On chromosome 2, QTL were 
found at similar positions for MAR10NN and MAR10LN at 626.4, and 628.4 cM, respectively. 
On chromosome 4, QTL were found for trials BUR10NN, MAR10LN, and BUR11NN within a 4 
cM interval at 639.4, 635.1, and 636.5 cM, respectively. 
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For cob length (LEN) and diameter (DIA) 26 and 20 QTL were found, respectively. For both 
traits similar numbers of QTL were found in NN and LN (14 and 12 for LEN and 11 and 9 for 
DIA, respectively). R² for single QTL was small with a maximum of 10.4% for LEN and 9.8% for 
DIA. Both, negative and positive B73 allele effects were found for both traits for LEN (17 and 
9 QTL, respectively) and DEN (8 and 12 QT, respectively). In three genome regions, different 
for each of the two traits, QTL were found in multiple trials. For LEN, QTL were found on 
chromosome 3 for BUR10NN and BUR10LN at 354.1 cM and for MAR10NN at 363.0 cM and 
on chromosomes 4 and 5, QTL were found in trials BUR10LN and MAR10LN at 1047.2 and 
1049.6 cM, and for MAR10NN and BUR11NN at 1004.1 and 1010.8 cM, respectively. For DIA, 
QTL were found for BUR10NN and BUR11LN on chromosome 1 at 963.4 and 966.3 cM, 
respectively, and on chromosome 7 for BUR10NN and BUR10LN at 64.5 and 60.1 cM, 
respectively. On chromosome 10, QTL were found for DEN at 695.0 and 693.0 cM for 
BUR10NN and BUR11LN, respectively. 
A total of 21 QTL (8 and 13 QTL at NN and LN, respectively) were found for grain yield (GY) 
on all chromosomes except chromosomes 1, 5, and 7 (supplementary Table ST 4.2). In single 
trial analyses, 1 to 5 QTL were found (BUR10NN, MAR10LN, respectively) with total 
explained phenotypic variance between 6.9% (BUR10NN) and 39.9% (BUR10LN, Table 6). 
Single QTL explained up to R² = 15.7% (chromosome 9, 473.0 cM, BUR10LN). For 12 QTL for 
GY, the B73 allele showed a positive effect with an average of 0.36 MT/ha while for 10 QTL 
the effects were negative (average effect of -0.27 MT/ha). QTL were found in multiple trials 
within 10 cM intervals for three genome regions on chromosomes 2, 3, and 4 
(supplementary Table ST 4.2).  
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Table 0.6. Number of QTL and total sum of explained phenotypic variance R² (in %) using CWT (α = 
0.001). 
Traits are weight (WEI), volume (VOL), length (LEN), diameter (DIA), density (DEN), and yield (GY). NN 
= normal nitrogen management, LN = limited nitrogen management. 
 
The number of consistent QTL across trials for the same trait is shown in Table 4.7 for each 
pair of trials. For cob traits three overlapping QTL (7-9%) were found between BUR10NN and 
each of the three LN trials. Three QTL also overlapped between BUR10NN and BUR11NN. 
Two overlapping QTLs (5%) were found between each of the pairs BUR11NN and BUR11LN, 
BUR10NN and MAR10LN, and BUR10LN and BUR11LN. All other pairs showed poor 
consistency of one or no consistent QTL. 
Table 0.7. Number of QTL located within 10 cM regions in different trials and average correlation 
across traits.  
Below diagonal: Number of QTL located within 10 cM regions in different trials, numbers in brackets 
indicate the sum of QTL found in both respective trials counting the common QTL twice. Above the 
diagonal: Average correlation across traits between according trails. 
 
57% of all QTL (76) were located in clusters (supplementary Figure SF 4.1). Large clusters 
were found on chromosomes 1, 4, and 10. On chromosome 1, eleven QTL with positive B73 
allele effects for VOL, DIA, and WEI (for LN as well as for NN) clustered within 36 cM 
between 930.6 and 9.66 cM (supplementary Figure SF 4.1). On chromosome 4, nine QTL for 
Trt Trial QTL R² (%) QTL R² (%) QTL R² (%) QTL R² (%) QTL R² (%) QTL R² (%)
NN BUR10 4 30.78 5 27.68 4 33.42 5 25.65 4 26.52 1 6.76
NN MAR10 3 15.55 1 7.28 6 38.75 2 12.14 5 21.49 3 18.45
NN BUR11 4 26 5 38.23 4 26.7 4 29.95 6 41.1 4 26.99
LN BUR10 4 22.93 5 30.35 6 29.33 2 11.12 2 16.52 4 39.92
LN MAR10 2 9.37 3 17.16 1 7.38 3 16.89 4 29.78 5 33.92
LN BUR11 5 32.03 5 43.06 5 31.21 4 29.32 4 23.81 4 24.65
GYWEI VOL LEN DIA DEN
Trt Trial BUR10 MAR10 BUR11 BUR10 MAR10 BUR11
NN BUR10 0.63 0.69 0.59 0.57 0.71
NN MAR10 1 (39) 0.61 0.46 0.69 0.67
NN BUR11 3 (45) 1 (40) 0.53 0.52 0.76
LN BUR10 3 (41) 1 (36) 1 (42) 0.49 0.60
LN MAR10 3 (35) 1 (30) 2 (36) 1 (32) 0.62
LN BUR11 3 (45) 0 (40) 2 (46) 2 (42) 0 (36)
NN LN
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GY, DEN, and WEI (for LN as well as NN) mapped within 25.2 cM between 617.5 and 642.7 
cM, all with positive B73 allele effect. On chromosome 10, eight out of nine QTL for VOL, 
DIA, WEI, and GY mapped within 41 cM between 681.1 and 722.5 cM, all showing negative 
B73 allele effects (supplementary Figure SF 4.1, supplementary Table ST 4.2). In 11 regions 
of the genome, QTL of different traits co-located within a trial. In all cases of co-locating QTL, 
the B73 allele effects showed the same direction for all involved traits. WEI QTL co-located 
with QTL for all traits, but LEN and GY. On chromosome 4, a co-location between DEN and 
GY was found for BUR11NN (636.5 – 642.7 cM). In addition, GY QTL co-located with QTL for 
VOL on chromosome 10 (712.6 – 722.5 CM) for BUR11NN and with LEN on chromosome 9 
(465.9-473.0 cM) for BUR10LN. Other co-locations were found between LEN and VOL on 
chromosome 3 (132.8-132.9 cM) for BUR10NN and between DIA and DEN on chromosome 4 
(134.8-135.2 cM) for MAR10LN (supplementary Figure SF 4.1, supplementary Table ST 4.2). 
Additional 38 pair-wise co-locations of QTL for different traits were found in 14 regions, 
when QTL were compared across trials (supplementary Figure ST 4.1). In only two of these 
regions, the allele effects of co-locating QTL from different trials showed opposite allele 
effects. In the first case on chromosome 2, a DEN QTL found for BUR11NN mapped to 
position 929.7 cM with a negative B73 allele effect, while two GY QTL found for MAR10LN 
and BUR11LN at positions 937.3 and 934.4 cM, respectively, showed positive allele effects. 
In the other case, QTL for DIA and DEN were found for MAR10LN and BUR11LN on 
chromosome 3 at 748.7 and 754.1 cM (supplementary Table ST 4.2). 
Excluding GY QTL, 26 pairs were found each of two QTL for the same trait found in different 
trials within 10 cM. Five pairs were found between NN and NN, three pairs between LN and 
LN, and 18 pairs across nitrogen treatments between LN and NN trials. However, treating 
BUR11LN as NN trial, pairs between NN and NN increased to nine, pairs between LN and LN 
to two, and pairs between LN and NN dropped to 15 (Table 4.9). However, based on X²-tests 
(unpublished results) QTL were no more likely to be consistent within than across the same 
nitrogen management. 
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Consistent QTL can be found for density and diameter comparing QTL locations with QTL 
locations found in recombinant inbred lines (RILs) of IBM after five generations of 
intermating (Lee et al. 2002, Jansen et al. submitted). One of six QTL for pith diameter and 
one of seven QTL for total diameter found with RILs were consistent with two DIA IBMSyn10 
QTL (out of 20) on chromosomes 1 and 4, respectively. For density, four QTL (out of 9) were 
confirmed among the 25 QTL on chromosomes 1, 2, 5, and 7. On chromosome 5, a tissue 
density QTL was found in RILs at marker umc1752 with an estimated location between 
192727.68 and 195,590.49 kb and at about 194,050 kb in IBMSyn10 for BUR11NN 
(supplementary Table 10). On chromosome 7, the tissue density QTL with the largest 
additive effect in RILs was found at marker umc2092 with an estimated location between 
109,977.32 and 114,759.47 kb, according to B73 reference sequence version 2 
(www.MaizeGDB.org) and at bin 111,800.00 kb in IBMSyn10 for BUR11LN (supplementary 
Table ST 4.2). In IBMSyn10, those regions on chromosome 5 and 7 were covered with 20 and 
22 markers, respectively. One QTL was consistent for GY on chromosome 10. No other traits 
including cob weight, length, and volume showed consistent QTL for the nine other 
locations. 
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Discussion 
 
Interpretation of response to nitrogen treatments 
 
Figure 0.1. Average cob weight (g; left) and grain yield (MT/ha; right) at normal (light grey) and 
limited (dark grey) nitrogen management for BUR10, MAR10, and BUR11 environments. 
 
The objective at each of the three locations was to provide one environment with less than 
optimal nitrogen supply (LN), and one environment with optimal nitrogen supply (NN). The 
three environments BUR10, MAR10, and BUR11 differed in their potential to distinguish trait 
performance under low and normal nitrogen management (Figure 4.1, Figure 4.2). In 2010, 
heavy rainfall in June (277 and 233 mm at BUR10 and MAR10, respectively) likely reduced 
nitrogen availability in all four trials. Plants showed severe N stress in 2010, and, therefore, 
nitrogen application was increased in 2011. Lower precipitation in 2011 likely caused 
oversupply of N at NN and satisfactory N levels at LN for inbred lines (supplementary Table 
ST 4.3). High performance for all traits in the LN trial of BUR11 suggests that our attempt to 
create differentiating environments failed in this location. Observations in both trials at 
BUR11 should, therefore, be interpreted as for sufficient nitrogen management. At MAR10, 
N effects where not significant, which was likely due to large differences between blocks at 
LN. However, plants under LN at MAR10 did suffer from lower N availability, and 
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performance of traits was substantially reduced under LN (4-30%, Table 3). Even though 
reduction in MAR10 was only about half as strong as in BUR10, MAR10LN can still be 
interpreted as trial with limited N supply. We, therefore, interpreted results from BUR10 and 
MAR10 with respect to their susceptibility to limited nitrogen supply. 
DEN, with the lowest relative reduction under LN (3.6-8.8 % of NN for MAR10 and BUR10, 
respectively), was least affected by N management. Relative reduction of cob weight (21.5-
44.3%) was similar to reductions of cob volume (18.9-38.3%) and, therefore, probably mainly 
due to reduction in cob size under LN. Reduction in cob volume was due to reduction in 
length and diameter. Relative reductions in length (9.9-22.6%) were about twice as high as 
for diameter (5.8-11.6%). Reductions in diameter, however, will affect volume in a quadratic 
fashion, while reduction in length reduces volume linearly. The observed reduction in 
MAR10 and BUR10 are, therefore, likely equally caused by length and diameter reductions 
under LN. Genotypes with high cob weights and high cob tissue density, rather than high 
volume will, therefore, likely show more stable cob biomass under low nitrogen 
management. 
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Figure 0.2. Average cob density (g/cm³; left) and cob length (cm; right) at normal (light grey) and 
limited (dark grey) nitrogen management for BUR10, MAR10, and BUR11 environments. 
 
Density and volume were measured using image analysis for cob volume. In the past, cob 
volume traits such as cob length and diameter were measured using yard sticks or caliper. 
While cob or ear length is comparably simple to measure, cob diameter will vary along the 
cob and depends on the position where it is measured. Common procedures in archeology 
or for inbred line patenting follow Bird (1994), measuring at mid-cob (Adams 1999, Bohning 
2000, Vattikonda 2000). For cob volume and consecutively cob tissue density, estimation 
based on the average diameter (and length) assuming cylindrical shape can be erroneous. In 
most cases, cob volume is overestimated due to the pointed cob tip which results in 
underestimation of density using conventional methods. Using image analysis misestimating 
of cob volume and density is minimized. In addition cob measurements were taken about 
three times faster than with the traditional method (data not shown). 
Genetic characterisation of cob trait inheritance 
Moderate to high repeatabilities and significant genetic effects indicate that variances for 
trait observations differentiate lines mainly due to genetic effects. However, few QTL 
explaining with maximum total R² of 43.1% were found in any of our analyses. Low total 
explained variance within each environment (R² ranges from 7.3% to 43.1%) suggests 
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additional QTL with smaller effects and insufficient power to detect those (Melchinger et al. 
1998, Openshaw and Frascaroli 1997). In each of the six trials for each trait, on average four 
QTL were found, which together explained about 25% of the phenotypic variance. Finding 
only a small number of QTL for cob traits under stringent thresholds such as empirical 
comparison-wise thresholds (α = 0.001) is in agreement with earlier findings in IBMSyn4 
(Jansen et al., submitted). When using α = 0.01, the average number of detected QTL per 
trait in each trial increases to 20 and average total R² to 66.5% with a maximum of 93.2 % for 
VOL for BUR10LN (Table 8, supplementary). However, decreasing the thresholds increases 
the risk of false positive QTL detection (van Ooijen 1999) and does not influence the chance 
of detecting QTL with large effects which would be of interest for breeders. 
Using markers with segregation distortion can increase type I error, due to sampling within a 
smaller genotype set for the underrepresented allele and increased genetic variance (Zhang 
et al. 2010). Two QTL were detected at positions where B73 allele frequency was below 30% 
for WEI for BUR11LN at 1003.5 cM on chromosome 9 (27.2% B73 allele frequency) and for 
GY for MAR10LN at 764.6 cM on chromosome 8 (29.6% B73 allele frequency). Five QTL on 
chromosome 4 including DEN and DIA QTL between positions 1348.2 and 1559.0 cM, two 
QTL on chromosome 7 (DEN and LEN at 854.3 and 1181.1 cM for BUR11LN and MAR10NN, 
respectively), and one QTL on chromosome 9 (246.9 cM; GY MAR10NN) showed B73 allele 
frequencies greater 70%. However, CWTs were close to the according genome averages for 
any trial at those positions indicating no increased risk for false positive QTL detection. 
Therefore, the use of CWT based on 1000 permutations for each testing site enables testing 
for QTL at positions were segregation is distorted and QTL located in regions with 
segregation distortion can be considered trustworthy. 
QTL consistency within Syn10 and between Syn4 and Syn10 
QTL showed low consistency within IBM10 and were likely trial specific, although power 
might have been too small to detect QTL with small effects. If QTL were scored at high 
power, it could be concluded that cob trait QTL are very specific for environments including 
nitrogen management, year and location due to low consistency across trials. If QTL were 
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trial specific due to interactions with environmental effects and small additive QTL effects it 
becomes important for breeders to consider not only management but overall environment 
specific estimation of QTL effects and select based on data obtained in the target 
environments. Nitrogen management did not affect QTL detection and inconsistent QTL 
across nitrogen management were not more frequent than within. Also, similar numbers of 
QTL were detected in both treatments. To overcome inconsistency and implement 
estimation of epistasis, genotype-by-environment interaction and possible response curves 
of QTL to varying nitrogen supply, more complex models and more test environments, 
genotypes and years are needed (Cooper et al. 2009).  
QTL with low heritability (small effects) are expected to show larger confidence intervals 
(Hyne et al. 1995). Differences in heritability do not explain low consistency in our study. 
Broad sense heritability of traits derived from repeatabilities was moderate to high and 
highest for DEN, but there were not more consistent QTL detected for DEN than for any 
other trait. About 10% of our QTL were found in more than one trial. The number of co-
locations across trials might have been reduced by considering QTL within 10 cM distance 
only. For example three larger clusters on chromosomes 1, 4, and 10 showed multiple 
related QTL within larger intervals of 25-41 cM (Figure 3, supplemental). However, the 
number of co-locating QTL remains low (19%) when allowing for larger 25cM distances. 
Therefore, most likely, the majority of QTL had smaller effects than power was sufficient to 
detect with equal success across trials. 
Few QTL were consistent with findings in IBMSyn4 (Jansen et al. submitted). Possible 
reasons for low consistency between the two studies can be extended to the use of different 
lines, map resolution, marker sets, and environments (Austin et al. 2000). However, two out 
of the three DEN QTL and one DIA QTL that were consistent with findings in IBMSyn4 were 
colocated with known genes involved in the branching pathway. Therefore, it is likely that 
for most traits no other major QTL segregate within IBM and most QTL effects are small. 
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Candidate genes 
Known genes with positions at QTL can help understanding trait architecture if their function 
can be related to the associated trait. In a region on chromosome 7 were DEN QTL of 
IBMSyn10 and IBMSyn4 overlap also locates the ramosa1 gene between 110,331.5 and 
110,332.3 kb (ra1; Locus Lookup tool; Andorf et al. 2010). ra1 codes for a transcription factor 
with dramatic but complex effect on branching length in the maize inflorescence (Vollbrecht 
et al. 2005). On chromosome 2 ba2 (barren stalk2) is located coding for another 
transcription factor also affects branching in the maize inflorescence (Vollbrecht et al. 2005). 
It maps between 31,889.8 and 33,429.8 kB between two density QTL (at 624.35 and 643.9 
cM or 30,550.0 and 33.650.0 kB, respectively, Locus Lookup tool; Andorf et al. 2010). 
Interpreting the cob as condensed lateral branches (Murdy 1960, Galinat 1975) could explain 
this consistent co-location of density QTL and ra1 and the co-location of ba2 with density 
QTL on chromosome 2.  
Use of IBMSyn10 for fine mapping 
With ten generations of intermating, a high resolution covered with 8575 markers, and an 
average distance of 1.8 cM between neighboring markers the IBM10DH population provides 
the potential of fine mapping QTL (Hussain et al. 2007). As compared to IBMSyn4-RILs (Lee 
et al. 2002) six additional generations of intermating and intensive genotyping yield 
increased genetic resolution and marker coverage at additional costs that must be rewarded 
with improving results to be reasonable. Overall, marker coverage and recombination was 
superior in IBMSyn10 with respective physical and genetic  distances of 250 kb and 1.9 cM 
between markers,  as opposed to 1,550 kb and 4.7 cM for the map used for IBMSyn4 (Jansen 
et al., submitted). The number of obtained QTL in single trials was similar in high resolution 
IBMSyn10 and IBMSyn4 (about 4). Identification of two candidate genes would have been 
successful in both studies for ra1 and possibly for ba2.  
The theoretical advantage and risk of smaller QTL confidence intervals due to higher 
recombination rate for DHLs can be illustrated using example ra1 on chromosome 7. The 
marker (umc1393) associated with cob tissue density in IBMSyn4 maps about 11 cM (i.e. 27 
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cM, 7,700 kb in IBMSyn10 map) away from ra1. The 2-LOD interval in RILs around this QTL is 
9 cM long not including ra1 position. This compares to an interval of 47 cM, (12,500 kb) in 
the IBMSyn10 map. In IBMSyn10 the position of the QTL peak is 6 cM (about 1,500 kb) away 
from the ra1 position. Also, in IBMSyn10 the 2-LOD interval (7 cM) does not include ra2. 
However, a 20 cM interval around this QTL peak including ra1 and all significant testing 
positions associated with that QTL in the IBMSyn10 is only 5,800 kb long. At similar 
population size of around 200 lines (213 DHLs and 184 RILs) studied, QTLs mapped with 
IBMSyn10 intermated for six additional generations (as compared to RILs of IBMSyn4) 
showed the potential for decreased confidence intervals due to smaller physical intervals 
related to genetic distances. As from these results and prior publications LOD drop-off based 
confidence intervals might not be optimal (van Ooijen 1992, Bennewitz et al. 2002). 
Alternative methods to establish empirical confidence intervals using CWTs have been 
proposed but require substantial calculation resources (Crosset et al. 2010). In general, to 
fully realize the advantages of the high recombinant DHL population, adequate marker 
density must also be backed up with a sufficient number of lines and test environments to 
estimate QTL effects and interactions at higher accuracy and power (Knapp and Bridges 
1990). For physically isolating QTL, a possible advantage using the high resolution IBMSyn10 
remains dependent on how confidence intervals are estimated and interpreted for fine 
mapping. 
Implementation for breeding 
Introducing single QTL using backcrossing or even transgenic approaches is not effective to 
improve general trait performance, if QTL effects are small and possibly environment 
specific. QTL with larger effects might be found within genetic resources with extreme cob 
architecture (Jansen and Lübberstedt 2012, Loesch et al. 1976). Based on finding in the IBM 
population, selection of multiple QTL for grain yield and cob yield for example using 
phenotypic or genomic selection (Meuwissen et al. 2001) for specific target environments 
are proposed. Further investigation of candidate genes such as ra1 or ba2 might help to 
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understand pathways of maize cob formation and finding optimal breeding strategies for 
dual-purpose maize. 
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Table 0.8. Number of QTL and total sum of explained phenotypic variance R² (in percent) using 
CWT (α = 0.01). 
Shown are the number of detected QTL (QTL) and total R² in percent (R²). Traits are weight (WEI), 
volume (VOL), length (LEN), diameter (DIA), density (DEN), and yield (GY). NN = normal nitrogen 
management, LN = limited nitrogen management. 
 
 
Total
Trial Trt QTL R² QTL R² QTL R² QTL R² QTL R² QTL
BUR10 NN 21 68.68 21 62.8 22 75.94 21 63.73 19 58.69 104
MAR10 NN 33 81.99 12 42.74 20 73.54 16 48.75 18 58.26 99
BUR11 NN 22 71.48 17 63.43 17 63.83 16 64.69 14 63.9 86
BUR10 LN 31 83.04 24 67.94 22 69.71 26 93.16 21 71.83 124
MAR10 LN 22 73.1 20 55.96 16 56.66 21 65.45 23 64.65 102
BUR11 LN 21 70.02 27 76.51 16 53.8 14 62.27 22 66.86 100
DEN DIA LEN VOL WEI
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Supplemental material 
Table ST 0.1 Correlations in 2010 NN, LN and 2011 NN and LN across trials for all cob traits and 
grain yield (GY). 
 
 
 
  
2010 NN Weight Volume Length Diameter Density GY
Weight 0.82 0.64 0.7 0.5 0.48
Volume 0.76 0.78 0.83 -0.05 0.54
Length 0.5 0.68 0.36 -0.05 0.43
Diameter 0.65 0.79 0.11 -0.04 0.48
Density 0.6 -0.07 -0.05 -0.02 0.03
GY 0.53 0.6 0.44 0.55 0.09
2010 LN Weight Volume Length Diameter Density GY
Weight 0.84 0.66 0.69 0.45 0.47
Volume 0.71 0.79 0.81 -0.06 0.47
Length 0.32 0.57 0.37 -0.07 0.34
Diameter 0.67 0.74 -0.13 -0.06 0.42
Density 0.56 -0.2 -0.21 0.01 0.09
GY 0.51 0.52 0.29 0.52 0.07
2011 NN Weight Volume Length Diameter Density GY
Weight 0.9 0.73 0.76 0.5 0.48
Volume 0.88 0.81 0.86 0.1 0.55
Length 0.7 0.79 0.46 0.07 0.42
Diameter 0.73 0.85 0.4 0.05 0.53
Density 0.55 0.11 0.09 0.05 0.05
GY 0.5 0.6 0.43 0.56 0.05
2011 LN Weight Volume Length Diameter Density GY
Weight 0.86 0.67 0.7 0.54 0.36
Volume 0.82 0.77 0.82 0.05 0.5
Length 0.59 0.71 0.3 0.05 0.36
Diameter 0.66 0.8 0.17 0.04 0.46
Density 0.56 0 0.01 0.01 -0.08
GY 0.35 0.54 0.35 0.52 -0.12
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Table ST 0.2 QTL positions using comparison wise thresholds (CWT; α = 0.001) (continued on next 
pages). 
Traits are weight (WEI), volume (VOL), length (LEN), diameter (DIA), density (DEN), and yield (GY). 
Env = environemnt, Trt = treatment (NN = normal nitrogen management, LN = limited nitrogen 
management), Chr = chromosome, Pos = position of peak with highest LOD/CWT ratio in cM, LOD = 
logarithm of the odds prior to standardization with CWT, R² = explained phenotypic variance, a = 
additive effect of B73 allele, Pos LOD1 l = downstream position (cM) of the testing site with LOD 
score one below the according QTL LOD score, 1LOD CI = length of the confidence interval from Pos 
LOD1 l to the according 1LOD position upstream, Pos LOD2 l = downstream position (cM) of the 
testing site with LOD score two below the according QTL LOD score, 2LOD CI = length of the 
confidence interval from Pos LOD2 l to the according 2LOD position upstream. 
 
Trait Env Trt Chr 
Pos 
(cM) LOD 
R² 
(%) a 
Pos LOD1 
l 
1LOD 
CI 
Pos LOD2 
l 2LOD CI 
DEN BUR10 NN 1 752.55 7.31 7.9 -0.0088 747.31 6.19 744.38 17.23 
DEN BUR10 NN 1 1693.83 8.44 9.1 0.0092 1693.43 6.91 1693.43 14.05 
DEN BUR11 NN 1 1758.1 3.25 3.5 0.006 1749.69 21.87 1748.26 23.3 
DEN MAR10 NN 2 626.38 5.75 7.1 -0.0078 623.43 24.41 623.43 24.41 
DEN MAR10 LN 2 628.38 7.22 8.1 -0.008 623.43 11.8 622.48 18.63 
DEN BUR11 LN 2 643.94 5.27 5.8 -0.0072 627.38 20.46 623.43 24.41 
DEN BUR11 NN 2 929.72 4.35 4.6 -0.0068 918.35 21.82 917.45 22.72 
DEN MAR10 LN 2 1560.37 4.34 4.7 -0.0059 1555.02 15.65 1555.02 22.85 
DEN MAR10 NN 3 513.64 5.26 5.9 0.0072 509.84 6.8 506.06 14.33 
DEN BUR11 LN 3 754.14 3.63 3.9 0.0062 743.24 14.72 743.24 21.62 
DEN BUR11 NN 4 338.77 3.8 4.0 -0.0059 335 21.3 335 23.2 
DEN BUR10 LN 4 430.69 4.92 5.4 -0.0067 427.29 4.82 424.39 11.52 
DEN MAR10 LN 4 635.06 8.16 9.1 0.0143 634.59 8.11 634.12 9.58 
DEN BUR11 NN 4 636.53 8.79 10.4 0.0099 634.59 2.37 634.12 5.32 
DEN BUR10 NN 4 639.44 5.18 5.7 0.0083 632.69 8.1 628.42 14.28 
DEN MAR10 NN 4 1106.49 1.45 1.5 0.0039 1095.5 93.59 0.01 1971.76 
DEN BUR11 LN 4 1156.26 3.71 4.1 0.006 1153.26 7.81 1145.58 17.49 
DEN MAR10 LN 4 1351.56 7.48 7.9 0.0089 1348.23 4.75 1338.97 18.01 
DEN BUR10 NN 4 1525.6 3.65 3.7 -0.0069 1522.69 12.91 1515.4 20.2 
DEN MAR10 NN 5 920.86 4.97 5.6 0.007 914.88 8.88 910.05 18.71 
DEN BUR11 NN 5 1111.38 7.67 8.3 0.0088 1110.43 11.23 1100.84 23.41 
DEN MAR10 NN 7 683.85 1.25 1.3 0.0036 458.55 336.52 0.01 1568.78 
DEN BUR11 LN 7 854.33 8.76 10.0 0.0104 852.44 4.31 850.54 7.13 
DEN BUR10 LN 9 349.91 9.28 11.1 -0.0097 344.16 12.63 339.16 17.63 
DEN BUR11 NN 9 370.26 9.14 10.3 -0.0094 365.03 9.66 362.03 18.11 
DIA MAR10 LN 1 249.28 5.05 5.7 -0.046 242.48 14.64 237.74 20.8 
DIA BUR10 NN 1 477.41 3.95 4.4 -0.055 460.26 19.99 458.86 21.39 
DIA BUR11 NN 1 940.54 7.14 8.3 0.068 936.17 10.03 935.7 16.23 
DIA BUR10 NN 1 963.4 5.2 5.9 0.055 959.12 6.64 946.2 30.43 
DIA BUR11 LN 1 966.23 9.2 9.8 0.06 959.12 12.11 955.77 18.46 
DIA MAR10 LN 3 748.69 3.4 4.3 -0.04 737.33 14.9 732.44 21.7 
DIA BUR10 LN 3 1346.29 2.61 3.7 0.038 1343.82 20.36 1337.01 40.17 
DIA MAR10 LN 4 1348.23 6.04 6.9 0.092 1341.97 6.73 1339.97 8.73 
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Trait Env Trt Chr 
Pos 
(cM) LOD 
R² 
(%) a 
Pos LOD1 
l 
1LOD 
CI 
Pos LOD2 
l 2LOD CI 
DIA BUR11 NN 4 1472.92 5.76 6.5 0.069 1470.02 6.38 1469.02 10.3 
DIA BUR11 NN 4 1559.01 5.7 6.5 0.074 1556.11 5.9 1554.22 9.79 
DIA BUR10 NN 4 1696.48 3.48 3.9 0.043 1686.79 14.98 1683.89 22.64 
DIA MAR10 NN 6 1353.11 5.01 6.3 -0.05 1348.8 10.12 1343.43 19.94 
DIA BUR10 LN 7 60.16 5.61 7.4 -0.052 45.16 20.31 38.16 34.72 
DIA BUR10 NN 7 64.52 5.95 6.7 -0.056 48.16 19.72 38.16 35.72 
DIA BUR11 LN 8 663.07 7.37 7.6 0.054 659.28 4.74 659.28 8.61 
DIA BUR11 NN 8 709.4 7.2 8.6 0.07 704.4 13.81 701.93 21.6 
DIA BUR11 LN 8 1167.29 3.69 3.7 -0.037 1144.19 25.01 1135.76 33.44 
DIA MAR10 NN 9 395.18 4.43 5.9 0.049 392.38 3.74 389.38 18.77 
DIA BUR11 LN 10 692.95 7.34 8.2 -0.057 683.07 17.24 680.07 20.24 
DIA BUR10 NN 10 694.95 4.04 4.7 -0.049 679.07 21.24 673.62 26.69 
LEN BUR11 LN 1 648.8 6.19 7.1 -0.551 644.52 10.64 639.64 18.82 
LEN BUR11 LN 2 1245.68 4.74 5.6 -0.452 1243.78 3.8 1242.36 15.52 
LEN MAR10 NN 2 1256.05 3.9 5.2 -0.455 1248.05 9.83 1233.35 24.53 
LEN BUR11 NN 2 1840.22 5.53 6.7 0.554 1831.05 15.82 1826.05 28.65 
LEN BUR10 NN 3 354.14 8.22 10.4 0.583 352.75 4.29 351.75 13.43 
LEN BUR10 LN 3 354.14 6.27 8.1 0.476 350.84 10.2 348.43 16.61 
LEN MAR10 NN 3 363.04 3.69 4.5 0.434 354.14 17.27 353.67 22.09 
LEN BUR11 NN 3 1241.52 5.15 6.2 -0.563 1238.13 7.66 1232.83 28.67 
LEN BUR11 LN 3 1243.9 5.66 6.5 -0.506 1234.73 11.06 1233.31 15.8 
LEN BUR10 NN 3 1329.19 6.04 8.4 -0.556 1325.19 14.72 1324.25 19.57 
LEN BUR11 LN 4 1004.76 6.45 7.4 -0.533 1000.47 11.29 997.13 18.12 
LEN MAR10 NN 4 1015.72 7.19 8.8 -1.086 1013.35 3.8 1005.76 12.82 
LEN BUR10 LN 4 1047.17 2.82 3.5 -0.329 1043.85 12.44 1035.28 23.91 
LEN MAR10 LN 4 1049.58 5.8 7.4 -0.523 1041.96 10.62 1035.28 17.7 
LEN MAR10 NN 4 1073.5 5.03 6.0 0.89 1071.59 3.91 1069.69 6.81 
LEN BUR11 LN 5 637.38 4.03 4.6 -0.436 636.43 21.44 636.43 21.44 
LEN BUR10 LN 5 834.25 3.78 4.7 0.364 830.45 11.18 823.28 23.22 
LEN BUR10 NN 5 931.35 5.72 7.1 -0.513 922.86 25.39 920.39 27.86 
LEN MAR10 NN 5 1004.07 6 7.4 -0.551 990.23 18.13 990.18 21.04 
LEN BUR11 NN 5 1010.79 5.06 6.3 -0.519 990.18 21.04 990.18 21.04 
LEN BUR10 NN 6 371.34 5.94 7.5 0.531 359.72 26.83 357.77 30.2 
LEN BUR11 NN 6 386.07 6.08 7.5 0.632 377.5 13.37 374.66 16.21 
LEN MAR10 NN 7 1181.07 5.72 6.9 0.584 1175.27 8.2 1173.27 14.02 
LEN BUR10 LN 8 886.21 4.35 5.5 0.402 876.44 15.57 873.07 18.94 
LEN BUR10 LN 9 465.89 2.19 2.6 -0.27 457.37 43.23 389.38 162.99 
LEN BUR10 LN 9 741.68 3.99 5.0 -0.386 735.8 14 731.8 20.91 
VOL MAR10 LN 1 15.94 3.46 4.6 -2.778 0.01 19.91 0.01 19.91 
VOL MAR10 LN 1 72.68 4.14 5.4 2.998 64.54 12.54 61.07 18.94 
VOL BUR11 NN 1 555.97 6.04 8.4 -4.315 550.97 11.1 549.07 21.56 
VOL BUR11 LN 1 562.07 6.51 7.1 -3.515 552.97 14.78 550.97 19.66 
VOL BUR10 NN 1 930.6 5.45 7.2 3.353 911.55 20.82 905.81 26.56 
VOL BUR10 LN 1 946.2 3.57 4.7 1.788 939.07 16.29 935.7 23.42 
VOL BUR11 LN 1 949.03 10.89 12.2 4.529 947.61 4.32 941.54 13.82 
VOL BUR11 NN 1 950.03 8.96 12.1 5.177 946.2 5.73 939.54 15.82 
Table ST 4.2. continued 
91 
 
Trait Env Trt Chr 
Pos 
(cM) LOD 
R² 
(%) a 
Pos LOD1 
l 
1LOD 
CI 
Pos LOD2 
l 2LOD CI 
VOL BUR10 NN 2 258.73 4.9 6.2 3.289 253.59 11.98 250.59 22.57 
VOL BUR10 LN 2 532.2 4.78 6.5 -2.15 521.37 21.33 514.89 31.81 
VOL MAR10 NN 2 1245.68 5.42 7.3 -3.871 1242.36 5.22 1226.52 29.53 
VOL BUR11 NN 2 1762.04 3.66 4.6 3.204 1749 29.86 1747.53 31.33 
VOL BUR10 NN 3 743.69 2.22 2.7 -2.138 735.85 15.9 730.97 23.17 
VOL BUR10 NN 3 1328.19 4.88 6.9 -3.493 1324.25 16.66 1324.25 19.57 
VOL BUR10 LN 5 823.76 3.49 4.7 2.248 823.28 23.22 823.28 23.22 
VOL BUR11 LN 5 1154.48 5.41 5.7 -3.281 1151.51 7.29 1149.51 13.76 
VOL BUR11 NN 8 507.53 4.44 5.6 3.697 499.39 16.71 494.06 22.04 
VOL BUR10 LN 8 684.33 3.93 5.2 2.04 676.23 16.96 674.35 19.89 
VOL BUR11 LN 8 717.74 6.66 7.1 5.097 716.31 6.27 715.36 7.7 
VOL BUR10 LN 8 886.21 6.84 9.2 2.735 881.76 12.25 879.81 17.13 
VOL MAR10 LN 9 708.17 5.5 7.1 -3.265 703.88 15.29 691.25 33.92 
VOL BUR10 NN 10 681.07 3.51 4.7 -2.886 676.62 18.84 672.72 22.74 
VOL BUR11 LN 10 710.71 9.91 11.0 -4.297 706.31 10.31 703.31 15.31 
VOL BUR11 NN 10 722.53 5.99 7.6 -4.269 704.31 20.14 700.31 24.14 
WEI BUR11 LN 1 556.97 5.18 5.8 -0.762 549.07 13 548.6 18.25 
WEI MAR10 NN 1 656.07 4.75 5.6 -0.828 653.21 9.05 647.85 21.23 
WEI BUR11 NN 1 949.03 6.81 8.2 1.022 947.14 4.79 940.54 18.17 
WEI BUR10 NN 1 956.71 9.48 11.8 1.007 952.93 5.78 948.56 10.56 
WEI BUR11 LN 1 960.54 8.17 8.9 0.987 956.71 14.52 948.56 26.67 
WEI BUR10 LN 1 964.81 5.6 7.1 0.454 962.45 12.78 959.12 17.51 
WEI BUR10 LN 2 53.3 3.76 4.7 -0.369 45.9 13.4 42.21 21.92 
WEI BUR11 LN 2 1770.16 3.89 4.1 0.64 1765.35 11.81 1753 30.27 
WEI MAR10 NN 3 383.96 4.38 5.6 0.812 376.76 24.2 373.76 33.2 
WEI BUR10 NN 4 617.48 7.37 8.9 0.887 615.57 4.77 613.68 10.02 
WEI BUR11 NN 4 627.05 3.8 4.9 0.856 609.33 19.09 607.42 21 
WEI MAR10 LN 4 627.48 4 4.9 0.639 622.23 21.9 622.23 23.33 
WEI MAR10 NN 4 640.79 3.54 4.3 0.709 622.23 23.33 622.23 23.33 
WEI BUR10 LN 5 465 3.77 4.7 0.366 452.07 13.88 445.37 20.58 
WEI BUR10 LN 5 823.28 5.07 6.5 0.432 819.49 17.14 812.86 23.77 
WEI BUR11 NN 6 775.59 7.11 9.0 1.585 773.21 5.22 768.94 9.96 
WEI BUR11 LN 8 679.15 7.14 7.7 0.941 676.23 8.1 674.35 17.84 
WEI BUR10 NN 9 437.41 2.4 2.8 -0.477 425.92 20.07 425.92 24.84 
WEI BUR11 LN 9 1003.49 5.23 5.5 -0.888 1001.59 4.9 1000.64 6.85 
WEI BUR11 NN 10 652.3 3.34 3.9 -0.751 647.04 8.61 642.23 27.32 
WEI MAR10 LN 10 700.31 3.72 4.4 -0.601 699.41 20.72 699.41 23.12 
WEI BUR10 NN 10 710.31 6.01 7.3 -0.939 704.31 13.31 702.31 16.82 
GY BUR11 LN 2 934.46 3.68 4.3 0.302 928.77 9.49 923.57 21.34 
GY MAR10 LN 2 937.31 3.99 4.8 0.242 933.99 8.12 926.4 24.41 
GY MAR10 LN 3 495.54 6.43 8.0 0.31 490.74 6.23 483.47 22.12 
GY MAR10 LN 3 1322.87 6.45 8.3 -0.301 1320.87 9.32 1317.07 16.12 
GY BUR11 LN 3 1323.77 5.01 5.9 -0.342 1320.87 4.32 1309.85 22.34 
GY BUR10 NN 3 1478.04 5.38 6.8 0.28 1471.53 9.41 1469.12 19.12 
GY BUR11 LN 4 632.69 8.47 10.4 0.509 631.26 2.86 624.62 10.44 
GY BUR11 NN 4 642.7 8.09 10.0 0.552 635.53 8.6 632.26 17.11 
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Trait Env Trt Chr 
Pos 
(cM) LOD 
R² 
(%) a 
Pos LOD1 
l 
1LOD 
CI 
Pos LOD2 
l 2LOD CI 
GY BUR11 LN 4 863.44 3.25 4.0 -0.312 844.19 21.1 844.19 21.1 
GY BUR10 LN 4 915.26 7.33 8.6 -0.371 914.31 1.42 914.31 1.89 
GY BUR10 LN 4 980.33 4.61 5.2 0.293 978.92 3.36 977.92 5.36 
GY BUR11 NN 4 1047.17 4.25 5.0 -0.407 1042.44 9.14 1035.76 22.53 
GY MAR10 NN 4 1644 5.76 7.3 0.395 1636.07 9.93 1632.2 15.8 
GY MAR10 LN 6 59.32 5.39 6.7 0.326 53.62 8.08 52.67 11.03 
GY BUR11 NN 6 219.17 6.59 8.0 0.425 218.22 4.3 213 11.52 
GY MAR10 LN 8 764.63 5.06 6.2 -0.304 760.76 5.87 759.35 8.15 
GY MAR10 NN 8 1166.15 4.46 5.9 -0.348 1161.15 20.17 1158.74 22.58 
GY MAR10 NN 9 246.88 4.21 5.3 0.366 243.43 8.26 242.43 15.26 
GY BUR10 LN 9 438.83 8.83 10.5 0.283 436.94 6.15 436.46 7.1 
GY BUR10 LN 9 439.77 8.83 10.5 0.283 436.94 6.15 436.46 7.1 
GY BUR10 LN 9 440.72 8.83 10.5 0.283 436.94 6.15 436.46 7.1 
GY BUR10 LN 9 472.98 12.66 15.7 -0.342 472.03 1.42 471.09 2.83 
GY BUR11 NN 10 712.62 3.3 3.9 -0.298 701.31 21.22 699.41 23.12 
 
Table ST 0.39 Monthly precipitation (mm) and 60 year-average near field trial locations. 
 
 
March April May June July
BUR10 55.4 86.1 106.7 270.0 215.6
MAR10 35.6 111.0 84.8 233.2 187.5
BUR11 27.2 115.3 120.9 119.4 96.0
60 yrs ave BUR 58.4 92.2 116.6 132.8 109.0
60 yrs ave MAR 52.3 80.0 103.6 117.3 100.6
Table ST 4.2. continued 
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Figure ST 0.1. Chromosome maps for chromosomes 1–10 
QTL position are shown for single QTL (black dot) and clusters (circled dot). Traits are weight (WEI), 
volume (VOL), length (LEN), diameter (DIA), density (DEN), and yield (GY). Numbers indicate the trial 
where QTL where detected (1 = BUR10LN, 2 = BUR10NN, 3 = MAR10LN, 4 = MAR10NN, 5 = BUR11LN, 
6 =BUR11LN). Exact positions are listed in Table 4.11. 
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EXPERIMENTAL COB CROSSES AND BREEDING MATERIAL DEVELOPMENT 
Introduction 
Narrow elite germplasm has been tackled with the establishment of diverse research 
material such as the NAM population (Liu et al. 2003) to explore allelic diversity for a variety 
of traits. The NAM population is estimated to capture roughly 80% of the allelic diversity in 
open-pollinated accessions in maize (Liu et al. 2003). The intermated B73xMo17 (IBM) 
population was reported to cover 77.5%, 39.2% and 17% of the range for cob diameter, cob 
mass, and ear length respectively of the nested association mapping population (NAM; Flint-
Garcia et al. 2005). Small coverage of cob length variation by the IBM lines is likely due to 
very small cobs within the NAM population (minimum 6.7 cm). However, in other trials 
(Chapter 3 and 4), IBM lines covered nearly the complete ranges reported by Flint-Garcia et 
al. (2005). While in the NAM population (Flint Garcia et al. 2005) maximum values were only 
3.12 cm, 30.3 g and 16 cm for cob diameter, cob mass, and ear length, respectively, there 
are accessions available with maximum values far beyond these (Chapter 2). For example, 
even though strongly depending on environmental effects, trial management and planting 
density, modern pipe corn varieties show cob diameters of up to 5 cm (Darah 2001). A larger 
cob length of 27 cm was achieved in the BSLE(M-L)C30 (PI636502; GRIN) selected from Iowa 
Long Ear Synthetic after 30 generations of mass selection for greater ear length (Hallauer et 
al. 2010). Cob masses up to 60 g were observed in single cobs under low planting density 
within families of the cross MoWC between ((Mo15W/Mo16W)/Mo24W) and the 
commercial hybrid Choclero582 (Tuniche, Chile) initiated by USDA (Blanco and Lübberstedt, 
not published). The diversity for cob architectural traits is underrepresented in common 
breeding material and popular research populations such as the NAM and IBM populations 
(Liu et al. 2003, Lee et al. 2002, Hussain et al. 2007). 
Most of the available germplasm with extreme cobs such as pipe corn show low adaption to 
high planting density (Loesch et al. 1976, Darrah 2009). Favorable cob biomass genes 
compatible with grain yield might be rare or absent in elite germplasm adapted to high 
planting density. Thus, consideration of selected genetic resources for introgression or 
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research could be worthwhile. Populations that are more adapted to high planting density 
were selected for special ear types. For example, the long term selected BSLE population for 
long ears (Hallauer et al. 2010) shows potential for extreme cob types and is adapted to the 
Western Corn Belt. Despite positive correlation of ear or cob length and grain yield, grain 
yield did not increase when cobs were selected for extreme length (Hallauer et al. 2010).  
The objectives of these experiments were to i) evaluate genetic resources for cob and grain 
yield potential under varying planting densities with respect to combining ability with elite 
germplasm, ii) analyze the performance of prior selected reciprocal double crosses 
combining germplasm for long cobs (BSLE) and cobs with large diameter (MoWC), iii) 
evaluate selected plants of the MoW source within the elite background DJ7, iv) compare 
crosses between elite lines and multiple sources of cob architectural traits, v) compare 
backcross progeny of populations with extreme cob characteristics using an elite line as 
recurrent parent, vi) compare the potential of other double cross candidates, all with 
respect to grain yield and cob biomass, and vii) establish a population of doubled haploid 
lines that feature genetic resources with extreme cob architecture within an elite genetic 
background. 
Material and methods 
Three experiments were carried out in 2010 and 2011. Experiments 1 and 2 were yield trials 
carried out 2010 and 2011, respectively. Experiment 3 encloses the establishment of a 
doubled haploid population. 
Experiment 1 
Families of different crosses between five main genetic resources and the expired PVP line 
DJ7 were selected based on ear type, availability, and potential grain yield performance 
(Michael Blanco, USDA, personal communication). The five populations considered as 
components were  
1.) BSLE (Hallauer et al. 2010; PI 636502)  
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2.) (Mo15W/Mo16W)/Mo24W (MoW; PI 558518, PI 558531, PI 587144) 
3.) Choclero 582 (commercial hybrid, Tuniche, Chile) 
4.) AR14021 (PI 492896) 
5.) Blue Ridge White Cap (BRWC; PI 317683).  
BSLE was selected for long ears, the other materials was selected for big cobs with large 
diameter. Seed was provided by the North Central Regional Plant Introduction Station 
(NCRPIS, USDA, Ames, IA). Crosses between selected resources were made in 2009 at 
Agronomy Research Farm, Ames, IA. Double crosses were created by USDA in the winter 
nursery in Chile in 2009, planting fifteen plants per cross and using each tassel for one cross 
only (Michael Blanco, USDA, Ames, IA, personal communication). For each cross a different 
number of families was grown as indicated in Table 0.1. Plants were grown in two row plots 
(5.5x1.5m²) in a randomized complete block design at two planting densities (48,400 
plants/ha and 96,900 plants/ha). Due to massive storm damage in July 2010, the experiment 
was not machine harvested, but plots with at least one rep in each treatment were hand 
harvested. For the analysis of variance (ANOVA), carried out using PROC MIXED 
implemented in SAS software (SAS Institute Inc., Cary, NC, USA), the following model was 
used:  
Yijk = Di + B(D)(i)j + Gk + DGik + BG(D)(i)jk + error (ijk) 
where Y is the phenotypic observation resulting from the fixed effects of the ith planting 
density D, the random effect of the jth block nested in planting density B(D), the kth fixed 
genotype (G), and the respective interactions DG (fixed) and BG(D) (random error term). 
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Table 0.1. Overview of the genotypes and genotype combinations planted and analyzed in 2010. 
 
Experiment 2 
In 2011, 40 genotypes were grown in a randomized complete block design with three 
replications at Iowa State University Research Farm, Boone, IA. Plants were grown in two 
row plots (5.5x1.5m²) at 96,900 plants/ha density. 
For selection of F1-families from the MoWC cross component, 145 MoWC F1-plants were 
grown in 2009 in single row plots and analyzed for cob weight, length, diameter, volume 
(volume = length x π x (diameter x 0.5)²), and density (density = weight/volume). Six plants 
were selected based on cob weight, cob tissue density, and volume, and crossed to expired 
PVP line DJ7 (PI 601191)(Table 0.2). To increase the chance of capturing alleles possibly 
related to higher tissue density three of the six lines were selected based only on density. 
However, one plant (parent of DJ7-F1-3) was among the top ten plants for all three traits. 
Seed of those six families was planted in 2010 at ISU Agronomy Research Farm, Ames, IA and 
new F1s were created by crossing 10 plants each to DJ7. Seed was bulked for each family for 
testing in the 2011 yield trial.  
Reciprocal double crosses (DCs) between DJ7/MoWC and DJ7/BSLE tested in 2010 were 
testcrossed to expired PVP line Seagull 17 (SG17; PI600751) and backcrossed to DJ7 in 2010 
at ISU Agronomy Research Farm, Ames, IA. DCs, testcrosses, and backcrosses (BCs) were 
then included in the yield trial 2011 (Table 0.3). To represent the F1 between MoWC and 
BSLE, seed of a bulked sample of this cross was also planted in 2011. 
Number 
planted
Number 
harvested Pedigree Short
30 16 ((Mo15W/Mo16W)/Mo24W)/Choclero 582 MoWC
18 2 AR14021/Blue Ridge White Cap AR14021/BRWC
16 2 Blue Ridge White Cap/((Mo15W/Mo16W)/Mo24W) BRWC/MoW
1 1 (DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582))/(DJ7/BSLE) (DJ7/MoWC)/(DJ7/BSLE)
1 1 (DJ7/BSLE)/(DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582)) (DJ7/BSLE)/(DJ7/MoWC)
1 1 DJ7/BSLE DJ7/BSLE
1 1 DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582) DJ7/MoWC
1 1 DJ7 DJ7
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Table 0.2. Overview over selected 2009 selected single plants for new DH7-F1 
 
Additional sources with extreme cob architecture were suggested and provided by USDA 
(Michael Blanco, USDA, personal communication) including populations Havel-Long-Ear 
(HLE, PI 214291), and Component Long Ear Synthetic (CLES, Ames 23515), both showing long 
ears and BRWC-C, a cross between Blue Ridge White Cap (BRWC, PI 317683) and commercial 
hybrid Choclero582 (Tuniche, Chile). First, F1s with DJ7 and consecutively three new DCs 
were created in 2010 by USDA by crossing DJ7/CLES with DJ7/BRWC-C, DJ7/HLE with 
DJ7/AR14021, and DJ7/BSLE with DJ7/AR14021. DCs were also included in the trial (Table 
5.3). 
F1-plant (2009) Derived DJ7-F1 (2011) Selected for (rank)
09STHL:Agron:1259:04 DJ7-F1-1 Weight (3), Volume (8)
09STHL:Agron:1263:03 DJ7-F1-2 Density (1)
09STHL:Agron:1246:02 DJ7-F1-3 Weight (1), Volume (7), Density (8)
09STHL:Agron:1258:09 DJ7-F1-4 Density (4)
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Table 0.3 Genotypes planted in 2011 with LSmeans for grain yield (GY) and cob weight (CW) 
 
 
Test- and backcrosses were produced 2010 at ISU Agronomy research Farm, Ames, IA. The 
five DJ7-F1s (DJ7/CLES, DJ7/BRWC-C, DJ7/HLE, DJ7/AR14021, DJ7/BSLE, and DJ7/MoWC) 
tested in 2010 and their bulked BC families with DJ7 as recurrent parent, and their early test 
hybrids with SG17 as tester were included in the 2011 yield trial (Table 5.3). 
Genotypes were analyzed based on least square means over three environments for single 
cob weight based on five cob samples, for grain yield (MT/ha) from machine harvest plus 
grain from hand shelled cob samples adjusted for 15% moisture and stand count if indicated. 
Genotype pedigree Genotype short GY (MT/ha) CW (g)
DJ7/SG17 DJ7/SG17 9.67 16.40
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1259-04//DJ7]Bulk DJ7-F1-1 8.30 27.53
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1263-03//DJ7]Bulk DJ7-F1-2 7.47 25.21
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1246-02//DJ7]Bulk DJ7-F1-3 7.36 27.58
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1258-09//DJ7]Bulk DJ7-F1-4 7.15 27.53
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1258-04//DJ7]Bulk DJ7-F1-5 6.82 27.10
((Mo15W/Mo16W)/Mo24W)/Choclero 582:1256-03//DJ7]Bulk DJ7-F1-6 6.28 21.35
(DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582))/(DJ7/BSLE)//SG17 ((DJ7/MoWC)/(DJ7/BSLE))/SG17 7.74 17.95
(DJ7/BSLE) /(DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582) )//SG17 ((DJ7/BSLE) /(DJ7/MoWC))SG17 7.54 15.12
(DJ7/Component Long-Ear Synthetic)/(DJ7/(Blue Ridge White Cap/Choclero 582)) (DJ7/CLES)/(DJ7/BRWC-C) 5.70 16.41
(DJ7/Havel Long Ear)/(DJ7/AR14021) (DJ7/HLE)/(DJ7/AR14021) 5.68 18.93
(DJ7/BSLE)/(DJ7/AR14021) (DJ7/BSLE)/(DJ7/AR14021) 5.15 14.30
DJ7/Havel Long Ear//SG17 (DJ7/HLE)SG17 8.07 17.41
DJ7/BSLE//SG17 (DJ7/BSLE)SG17 7.61 16.25
DJ7/Component Long-Ear Synthetic//SG17 (DJ7/CLES)SG17 7.55 16.37
DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582)//SG17 (DJ7/MoWC)SG17 7.42 17.67
DJ7/Havel Long Ear DJ7/HLE 7.31 22.59
DJ7/(Blue Ridge White Cap/Choclero 582)//SG17 (DJ7/BRWC-C)SG17 7.23 15.92
DJ7/AR14021//SG17 (DJ7/AR14021)SG17 7.13 16.80
SG17/(((Mo15W/Mo16W)/Mo24W)/Choclero 582) SG17/MoWC 7.27 20.13
SG17/Havel Long Ear SG17/HLE 6.51 18.26
SG17/(Blue Ridge White Cap/Choclero 582) SG17/BRWC-C 6.07 20.07
SG17/Component Long-Ear Synthetic SG17/CLES 5.26 15.37
SG17/AR14021 SG17/AR14021 4.71 15.45
SG17/BSLE SG17/BSLE 4.28 17.28
DJ7/(Blue Ridge White Cap/Choclero 582) DJ7/BRWC-C 6.84 20.80
DJ7/BSLE DJ7/BSLE 6.81 16.53
DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582) DJ7/MoWC 6.65 22.88
DJ7/AR14021 DJ7/AR14021 6.03 20.74
DJ7/Component Long-Ear Synthetic DJ7/CLES 5.94 18.77
DJ7<2>/Havel Long Ear)>Bulk DJ7/(DJ7/HLE) 6.35 17.39
(DJ7<2>/((Mo15W/Mo16W)/Mo24W)/Choclero 582))/(DJ7/BSLE)>Bulk DJ7/((DJ7/MoC582)/(DJ7/BSLE)) 5.92 14.74
(DJ7<2>/BSLE) /(DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582) )>Bulk DJ7/((DJ7/BSLE) /(DJ7/MoWC)) 5.92 14.40
DJ7<2>/BSLE)>Bulk DJ7/(DJ7/BSLE) 5.91 18.17
DJ7<2>/((Mo15W/Mo16W)/Mo24W)/Choclero 582)>Bulk DJ7/(DJ7/MoWC) 5.87 20.62
DJ7<2>/Component Long-Ear Synthetic)>Bulk DJ7/(DJ7/CLES) 5.46 14.25
DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582)//DJ7/Component Long-Ear Synthetic (DJ7/MoWC)/(DJ7/CLES) 5.47 20.40
DJ7/BSLE//DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582) (DJ7/BSLE)/(DJ7/MoWC) 5.45 21.89
DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero 582)//DJ7/BSLE (DJ7/MoWC)/(DJ7/BSLE) 5.33 25.71
BSLE//((Mo15W/Mo16W)/Mo24W)/Choclero 582]11 BSLE/MoWC 4.66 24.28
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A subsample of test hybrids was analyzed for cob yield based on all cobs from two entire 
plots. Mean comparison was carried out using contrasts and the statistical model 
Yij = µ + Gi + Bj + error(ij) 
where observation Y is the sum of the mean µ, the i
th
 genotype effect G, the j
th
 block effect B 
and the error nested in the interaction GxB. Both factors were fitted as fixed effects and 
their interaction as random using a mixed model approach (PROC MIXED procedure, SAS 
software, SAS Institute Inc., Cary, NC). 
Experiment 3 
In 2010 400 plants of each of the two reciprocal DCs between DJ7/MoWC and DJ7/BSLE  
(DJ7/(((Mo15W/Mo16W)/Mo24W)/Choclero582))/(DJ7/BSLE) 
and 
(DJ7/BSLE)/(DJ7/((Mo15W/Mo16W)/Mo24W)/Choclero582))) 
were planted at the Doubled Haploid Facility at Iowa State University 
(http://www.plantbreeding.iastate.edu/DHF/DHF.htm, accessed May 6, 2012). The early 
maturing inducer RWS x RWK-76 (Röber et al. 2005) and its reciprocal were planted at the 
same date and two additional dates each 7-10 days delayed to cover the broader range of 
flowering within the population. Production of haploid seed was induced by pollinating more 
than 300 plants of each cross with pollen from the inducer sources RWS x RWK-76 and the 
reciprocal RWK-76 x RWS. Plants were hand harvested and 2987 haploid kernels (1508 and 
1479 for the two reciprocal DCs, respectively) were selected visually, using the dominant 
anthocyanin marker gene R1-nj. Expression of R1-nj results in a colored aleuron and a 
colored embryo (Geiger 2009). Haploid kernels show tissue colored aleuron, but an 
uncolored embryo indicating no inducer DNA in the embryo, suggesting successful haploid 
induction. Selected haploid seed was sent to Chile for chromosome doubling using colchicine 
(Eder et al. 2002). In 2011, seed of all 269 lines was planted for seed increase. A subset of 
lines was again sent to Chile for seed increase in winter season 2011/2012. 
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Results 
Experiment 1 
In the 2010 experiment for cob yield (and grain yield) main effect of planting density was not 
significant with P = 0.74 (0.66), but a significant interaction between genotypes and planting 
density was found with P = 0.004 (0.0002). The main effect of lines was significant for both 
traits (P < 0.0001), block effects were not significant (P = 0.06 (0.12)). A detailed analysis for 
individual genotypes under different planting densities is, therefore, necessary (Figure 5.1, 
Figure 5.2). The correlation between grain yield and cob weight was positive for both 
planting densities (0.69 at low and 0.85 at high planting density). 
The interaction was due to different response of lines to planting density. The two F1-crosses 
outperformed their respective DC under both planting densities for cob and grain yield. For 
grain yield, DJ7 was among the lower yielding genotypes, which also included all MoWC 
families, the cross AR14021/BRWC, and the cross BRWC/MoW (Figure 0.1). F1s and DJ7 
showed higher grain yield under high density, while the majority of the other crosses 
showed reduced grain yield under high planting densities. For cob yield, F1 DJ7/(MoWC) 
showed the highest cob weight under high planting density, under low densities two families 
of the MoWC cross yielded highest. Within MoWC families, a wider distribution for cob 
weight was found.  
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Figure 0.1. Grain yield at low and high planting density for listed genotypes.  
Averages over both blocks are shown for genotypic groups as indicated. Points on the diagonal line 
show equal grain yield under low and high planting density. MoW stands for the 
((MoW15/MoW16)/MoW24) component, MoWC stands for the cross between MoW and 
Choclero582. 
 
 
Figure 0.2. Cob yield at low and high planting density for listed genotypes.  
Averages are shown over both blocks for genotypic groups as indicated. Points on the diagonal line 
show equal cob yield under low and high planting density. MoW stands for the 
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((MoW15/MoW16)/MoW24) component, MoWC stands for the cross between MoW and 
Choclero582. 
 
Experiment 2 
All 39 genotypes showed significantly lower gain yield compared to the cross DJ7/SG17. 
Large differences were found for cob biomass in terms of average cob weight (Table 5.3). 
The comparison of test hybrid DJ7/SG17 with crosses which include components MoWC and 
BSLE are shown in descending order for grain yield in Figure 5.3. 
For grain yield, the two reciprocal DCs did not differ from their BCs with DJ7 or their single 
cross BSLE/MoWC, but yielded significantly less than their test crosses with SG17 and 
DJ7/SG17 (P = 0.05) (Figure 0.3). When DCs were testcrossed to SG17, about 50% of the 
genome is DJ7 in the DCs and heterosis with SG17 alleles was likely increased.  
For cob weight, both DCs were significantly (P < 0.05) better than DJ7/SG17, their 
testcrosses and BCs with DJ7 (Figure 5.3). DCs were also significantly different from each 
other. None of the two reciprocal DCs differed significantly from the simple cross 
BSLE/MoWC (P = 0.05).  
Hybrid DJ7/SG17 showed significantly larger grain yield than all other genotypes shown in 
Figure 0.4. No other differences in grain yield were found between the genotypes compared 
in Figure 0.4., beside the significant difference between DJ7-F1-1 and DJ7-F1-6 (P = 0.05). 
DJ7-F1-1 showed the second largest grain yield (8.3 MT/ha) after DJ7/SG17 (9.7 MT/ha) 
among all 40 genotypes. For cob weight, hybrid DJ7/SG17 was significantly inferior to all 
newly developed DJ7-F1s, the initial unselected F1 DJ7/MoWC, and the F1 with SG17. Across 
all entry means the correlation between grain yield and cob weight was positive (0.13). 
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Figure 0.3. Comparison of crosses including the components MoWC and BSLE with the test hybrid 
DJ7/SG17. 
 
 
Figure 0.4. Comparison of selected and unselected sources of MoWC crossed to DJ7 and SG17.  
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Index DJ7-F1-1 to DJ7-F1-6 describes six different crosses with DJ7 and selected families of MoWC 
according to Table 0.2. 
 
In Figure 0.5, six donor sources are compared for grain yield and cob biomass when crossed 
to DJ7, SG17 and when their F1s with DJ7 were testcrossed with SG17. For source MoWC, the 
unselected population of MoWC was used. All components showed lower grain yield when 
crossed to non-stiff stalk line SG17, than when crossed to stiff stalk line DJ7. This difference 
was only significant for BSLE. No significant differences in grain yield were found within F1s 
with DJ7 or within their testcrosses with SG17 (black and dark grey dots; Figure 5.5). MoWC 
and HLE yielded significantly better than BSLE and AR14021 among F1s with SG17. In 
addition, MoWC showed higher significantly grain yield than CLES when crossed with SG17 
(P = 0.05) and a significant difference could also be detected between BRWC and BSLE (light 
grey dots; Figure 5.5). 
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Figure 0.5. Grain yield (GY) and cob weight for six populations when crossed to DJ7, backcrossed to 
DJ7, and testcrossed to SG17 in comparison to cross DJ7/SG17. 
Black dots and bars indicate grain yield and cob weight, respectively, for the F1s between DJ7 and the 
donor source as indicated on the x-axis testcrossed with SG17. Light and dark grey indicates the 
results for the F1s between the donor source and SG17 and DJ7, respectively. Hybrid DJ7/SG17 was 
included for comparison, colours do not indicate additional crosses. 
 
When crossed to DJ7, HLE and MoWC showed significantly higher cob weights than BSLE, 
CLES, and the check hybrid DJ7/SG17 (dark grey bars; Figure 0.5). Crossed with SG17 MoWC 
and BRWC-C showed larger cob weight than CLES and AR21014 (light gray bars; Figure 5.5). 
No significant differences in cob weight were found between donor sources when their F1s 
with DJ7 were testcrossed to SG17 (black bars; Figure 5.5).  
MoWC was superior in cob biomass to other populations and significantly better than 
DJ7/SG17 after backcrossing to DJ7 (Figure 5.6). All three other populations showed no 
significant difference in cob biomass to DJ7/SG17. All tested BCs showed significant lower 
grain yield (Figure 5.6).  
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Figure 5.0.6. Grain yield (GY) and single cob weight for four populations after backcrossing to DJ7 
in comparison with DJ7/SG17. 
 
 
Figure 5.0.7. Comparison of alternative combinations for double crosses with increased allelic 
diversity for cob architecture related traits. 
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The DCs between DJ7/MoWC and DJ7/BSLE, and DC (DJ7/MoWC)/(DJ7/CLES) showed 
significantly higher cob biomass than DJ7/SG17 (Figure 5.7). Grain yield of all compared DCs 
was significantly lower than of DJ7/SG17 but did not differ among DCs. From the tested DCs 
no combination was superior to the DCs between DJ7/MoWC and DJ7/BSLE.  
Experiment 3 
A total of 285 kernels did not germinate or resulted in plants that died prior to 
colchicination. Four plants were discarded for off-types. With final 121 and 148 doubled 
haploid lines for the two crosses, respectively, success rate was 9% on average, calculated as 
the number of DHLs per germinated haploid kernel (Ursula Frei, ISU Doubled haploid facility, 
Ames, IA, personal communication). For several of the 269 lines, only few kernels were 
available and some lines showed segregation or indicated contamination or hybrid 
performance. However, over both seasons 91 lines were sorted out or were lost and 178 
lines remained. In 2012, 178 lines are planted for seed increase at ISU Agronomy Research 
Station, Ames, IA. 
Discussion 
To evaluate cob biomass donor sources for their potential use in breeding programs or 
research material for dual-purpose maize, two yield trials have been carried out testing 
multiple sources with extreme cob architecture in combination with elite germplasm for 
grain yield and cob weight performance under different planting density. 
Lines with expired plant variety protection (PVP) likely represent the most elite public 
available material with high grain yield potential that could serve as background for 
evaluation of candidate germplasm with extreme cob characteristics. DJ7 is closely related 
to B73 (Nelson et al. 2008). SG17 is nearly identical with Mo17 and could be chosen as tester 
to create a hybrid comparable to the IBM hybrid (Nelson et al. 2008).  
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Adaption to high planting density has been the major driver for success in maize breeding 
(Duvick and Cassman 1999). Crosses within sources without elite background showed poor 
performance for grain yield and cob weight competitive to inbred line DJ7 only under low 
planting density. A sample size of two is too small for a meaningful analysis of 
AR14021/BRWC, and the cross BRWC/MoW to determine adaption to planting density. 
When crossed to DJ7, cob components showed increased adaption to high planting density 
(Figure 6.1). Increased adaption to high plant density can be due to heterosis (Fasoula and 
Fasoula 2002). Reduced tolerance of high plant density in the DC with substantial 
inbreeding, as compared to the F1s, supports the hypothesis of heterosis. 50% of the 
genome can be expected to be from DJ7 in the F1 and in the DC. However, the percent of 
inbreeding will be 25% in the DC and 0% in the F1, if BSLE and MoWC can be assumed to be 
unrelated to DJ7. In addition, single genes and haplotypes present in adapted material such 
as DJ7 could increase adaptation to high planting density.  
Considering additional sources as donors for alleles potentially affecting cob architecture 
and cob biomass can uncover new germplasm beneficial for dual-purpose maize 
development. However, performance of donor sources differs with respect to the genetic 
backgrounds used for their evaluation (Smith 1986). While low performance testers will 
increase variance across testes genotypes, strong testers can mask effects. Crossing with 
SG17 made it easier to discriminate the populations (Figure 6.3). However, only effects not 
captured by the tester are of potential interest for germplasm improvement. While MoWC 
and BRWC-C show top cob weight values for both crosses, with DJ7 and SG17, the other 
populations showed high values either for only one crossing partner (DJ7), or yielded 
comparably low cob weights. These differences in general combining ability across heterotic 
pools could help to identify optimal sources suitable for a broader range of potential elite 
receptor genotypes. 
Significant differences in cob weight between the reciprocal DCs between DJ7/MoWC and 
DJ7/BSLE can be due to maternal effects or allele sampling during production and planting 
(Figure 5.7). Significant differences between the testcrossed DCs support this hypothesis 
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(Figure 5.1). When backcrossed, no significant differences between reciprocal crosses were 
found for cob weight (Figure 5.3). However, cob weights were low for backcrossed DCs and 
donor effects might have been lost. Doubled haploid lines produced from both reciprocal 
crosses might help to further evaluate potential maternal effects.  
Experimental crosses have shown potential for increasing cob biomass in elite genotypes 
using genetic resources with extreme cob morphology as donors. Cob weight alleles from 
BLSE and MoWC likely explain most of the increase in cob weight when combined with elite 
material. Their DCs with 50% elite germplasm showed lower cob yield than the simple cross 
MoWC/BSLE and backcrosses with further increased elite germplasm proportion did not 
differ in cob weight from test hybrid DJ7/SG17 (Figure 5.3). Highest cob yields were 
observed among F1s between selected sources of MoWC and DJ7. With cob weight of more 
than 27g, DJ7-F1-1 was among the top three ranking genotypes for cob weight and 
significantly better than hybrid DJ7/SG17, outyielding it by more than 10 g per cob. While 
simple crosses are created faster and prevent breaking favorable haplotypes in elite 
germplasm, DCs can feature two genetic resources broadening the germplasm for selection 
and research and provide about 25% elite inbred improving the predictive value of early test 
hybrids. However, if major QTL are identified within donor material, backcrossing can be 
employed to introduce selected germplasm into elite background (Tanksley and Nelson 
1996). BCs were unselected in this trial possibly explaining decreasing cob weights. Every 
unselected backcrossing generation will increase the risk of losing beneficial alleles or genes. 
Selection along the breeding process is, therefore, crucial to recover the best alleles in a test 
hybrid.  
Grain yield was reduced in every genotype that included donor material compared to test 
hybrid DJ7/SG17. Grain yield increases along with elite genes, completeness of favorable 
haplotypes and their combination within complementing heterotic groups. For grain yield, 
crosses suffered from introduced donor segments or inbreeding or a combination of both. 
Linkage drag or unfavorable pleiotropic genes are possible reasons for reduced grain yield 
when elite material is crossed to improve cob weight (Bouchez et al. 2002, Chen and 
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Lübberstedt 2010). In case of pleiotropy, positive effects from increased cobs would be 
expected due to positive correlations between cob and grain yield (Halvorson and Johnson 
2009, Jansen and Lübberstedt 2012, Chapter 2, 3, 4, 5). Most likely and as indicated by 
previous studies (Chapter 3, 4, 5) multiple genes underlie both traits. Simple crosses of 
mostly unselected individuals and a small number of recovered offspring are probably not 
sufficient to combine all involved genes optimally. DJ7-F1-1 showed the second largest grain 
yield (8.3 MT/ha) after DJ7/SG17 (9.7 MT/ha) among all 40 genotypes, indicating potential 
for dual-purpose maize using selected donor sources. 
For the production of a diverse doubled haploid population the objective was to combine 
alleles for long ears and cobs with large diameter. However, according to the other results it 
is not definite that DC material is the best genetic type to induce when aiming for a diverse 
and high potential doubled haploid line population. A variety of other accessions with 
extreme cob phenotypes are available (Chapter 2). Sources with extreme cob architecture 
were suggested by Michael Blanco (USDA, personal communication) including populations 
Havel-Long-Ear, and Component-Long-Ear-Synthetic both showing long ears and the 
populations of Blue-Ridge-White-Cap, and AR14021, both showing cobs with large diameter. 
None of these alternative crosses was significantly better than using component MoWC and 
BSLE (Figure 5.7). 
Crosses with MoWC were made with unselected plants. Under varying planting densities 
segregation for adaption, cob weight and grain yield could be found for families within 
MoWC (Figure 6.1). Larger distribution was found for cob weight than for grain weight 
(Figure 6.2). These findings indicate potential for improved performance of crosses if 
selection within sources is applied prior to crossing with elite material. Selection of the 
MoWC families used in the six new F1 crosses was based only on single cob measurements of 
single plants. However, comparing the new DJ7-F1-1 to the unselected F1 DJ7/MoWC cob 
biomass was increased by 20.3% and grain yield by 24.9%. This indicates that it is possible to 
combine high grain yield and high cob biomass, even though grain yield of 8.3 MT/ha (e.g. 
DJ7-F1-1) is not yet competitive. Based on results from two experimental yield trials in 2010 
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and 2011 F1-plants (DJ7-F1-1) of the cross between DJ7 and the preselected best performing 
family of MoWC (1259:04) will be planted for inducing a second generation population of 
doubled haploid lines for increased diversity of cob architectural traits.  
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GENERAL CONCLUSIONS 
The objective of this study was to lay the foundation for developing dual-purpose maize, 
combining high cob biomass and grain yield. This included a morphological and genetic 
analysis of cob characters under varying environments, as well as their relationships to grain 
yield. In addition, as starting point for further research of cob biomass traits, novel 
germplasm was developed, including a biparental doubled haploid population.  
In an extensive literature review, the feasibility and potential of corn cob harvest and 
breeding for improved cob biomass was investigated (Jansen and Lübberstedt 2011; Chapter 
2). Cobs show large potential due to their dense biomass with low N and ash content, 
besides a high fraction of cellulosic compounds. There is considerable genetic variation 
among alternative genetic resources to further improve those beneficial characteristics. 
Also, modern harvest and conversion technologies are available. Therefore, breeding for 
dual-purpose maize varieties with competitive grain yield and increased cob biomass was 
proposed.  
Gene mapping experiments were performed in two different two intermated B73 x Mo17 
(IBM) populations under varying nitrogen managements to investigate cob characteristics 
including cob weight, volume, length and diameter, and their relation to grain yield. 
To circumvent ethically questionable energy production from maize grain containing food 
quality starch, protein, fat, sugars, and vitamins, it is reasonable (Tilman et al. 2009) and 
technically feasible to consider cellulosic residuals such as corn cobs (Jansen and 
Lübberstedt 2011). Corn cobs naturally have higher tissue density than stover and can be 
stored and transported at lower cost. Transport costs and distance to plants processing 
cellulosic feedstock will determine if cob harvest is profitable for individual farmers. Dual-
purpose maize, with larger cob biomass and high tissue density, could expand that radius 
and transport costs providing more farmers with additional income from cob sales. With low 
nitrogen (<1%) and nutrient content cob harvest unlikely depletes the soil such as leave, 
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stover, and grain harvest and is mostly sustainable. Harvesting cob biomass from 
successfully designed dual-purpose maize is expected to pay off earlier than cob harvest 
from conventional maize hybrids, due to an optimized grain cob weight ratio in proportion 
to price, time and equipment investment. 
Cob architecture and morphological traits, including volume, length, diameter, weight, and 
tissue density, were investigated in relation to grain yield. Overall grain yield was positively 
correlated with all cob architecture traits but independent from cob density. Cob volume 
was the largest contributor to cob and grain weight based on path analysis.  
Selection is typically done for a single trait, e.g., grain yield in maize. Each additional trait 
possibly causes reduction of genetic gain for the main trait. To minimize this risk, only one 
trait, should be selected for in addition to grain yield. With positive correlation to grain yield 
and potential for further improvement cob weight is the most reasonable trait to add to 
breed for dual-purpose maize. To maximize the breeding goals index selection is 
recommended based on economic value and heritability of the traits. 
Cob length and diameter define cob volume assuming a cylindrical shape. However, more 
accurately accounting for deviations from this assumption their interrelation of all traits was 
investigated using image analysis. Cob length and diameter correlations ranged from 
independence to slightly positive. Physically, equal cob volumes can be achieved by an 
infinite number of pair-wise combinations of length and diameter, resulting in a negative 
relation at a given volume across genotypes. However, when volume increases with a fixed 
relation between length and diameter, both traits will be positively correlated. With high 
heritability of those traits, a fixed ratio holds across genotypes with similar length-diameter 
ratio and cob proportions or within a genotype across different environments. A blend of 
both effects explains that cob length and diameter are uncorrelated. Tissue density showed 
promising high entry mean based heritabilities across experiments (0.76-0.96) and was 
related to the fractionation of pith, wooden ring, and chaff. This is in agreement with the 
high information values of cob traits suggested and used to differentiate maize races 
(Goodmann and Paterniani 1969). At any given volume and length-diameter ratio the cob 
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weight could theoretically be increased due to independently segregating cob tissue density 
by selecting for the highest cob weight. 
Several QTL were associated with cob morphological traits, but no region showed sufficiently 
large effects to encourage backcrossing or fine mapping for breeding purposes. Testing lines 
as well as test hybrids from diverse genetic populations allowed for analysis of elite alleles 
and alleles from diverse sources within elite background. Higher marker density in the IBM 
DH population narrowed down the genome regions of single QTL for diameter and density, 
but effects were too small and inconsistent across environments to consider cloning and 
additional fine mapping. For example, for density, two of the largest QTL were identified in 
both IBM populations on chromosomes 5 and 7 each explaining 7.7–10.7% of the phenotypic 
variation. These regions are known to contain candidate genes ra1 and ba2, involved in 
branching and branch elongation. To increase allele frequencies of multiple beneficial alleles 
phenotypic or marker intensive genomic selection (GS; Meuwissen et al. 2001) are suggested 
over single gene backcrossing or marker based or assisted selection with fewer markers. 
Narrow elite maize germplasm selected for grain yield showed small variation for cob tissue 
density and cob architecture, limiting the potential of a successful dual-purpose maize 
breeding program. No successful usage of genetic resources has been reported for direct 
improvement of quantitative traits such as grain or cob yield in elite maize breeding 
material. Therefore, potential of genetic resources is likely limited to new alleles or genes 
with large consistent effects, yet to be identified. Available maize accessions with extreme 
cob architecture including pipe corn with large diameter and high crushing strength (Darrah 
2001) or populations developed under long term selection for ear length (Hallauer et al. 
2010) likely carry novel alleles or genes for cob size, density, and biomass. If their effects are 
large enough, consistent and identified using QTL mapping, they could be utilized in 
backcross programs. Initial experimental crosses were partially successful in yielding higher 
cob biomass. However, strong interaction between cob weight, grain yield, and planting 
density was observed for candidate germplasm in initial crossing experiments. Genotypes 
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with extreme cob characteristics identified under low planting density as candidate donors 
such as pipe corn sources must, therefore, be evaluated under target planting density. 
Genomic selection for dual-purpose maize varieties will most likely be successful when grain 
yield and cob weight are selected simultaneously for a given target environment. If found in 
genetic resources, special attention could be given to new alleles with large effects during 
GS. Independently segregating cob tissue density is expected to allow for high cob weights 
within genotypes with high grain yield potential. Dual-purpose maize is further supported by 
the general positive correlation between grain weight and cob weight due to cob volume 
and the related cob surface where kernels attach and receive nutrients and water from the 
maize plant. If true, further research using the initiated DHL populations and additional 
crosses with extreme cob trait resources can help to verify this assumption. Finally, 
economic feasibility cropping dual-purpose maize and harvesting maize cobs will greatly 
depend on farmers and political decisions and their effect on energy prices from fossil and 
alternative renewable sources. 
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APPENDIX 
Code 1 for MATLAB 
(comments are preceded by %)  
 
global diamlimit width height thresh bckg %makes defined variables available to MATLAB 
environment 
 
listFile = 'C:\path\input'; %list: 1st column cob name, letters and evtl. numbers 
resultFile = 'C:\path\results'; 
pictureFolder = 'C:\path\folder\'; %pictures named cob name + a or b 
 
thresh = 70 ; % sensitivity for background separation 
diamlimit=5; %minimum for diameter in pixels, smaller are ignored 
width=35.2/640; %conversion of width pixels to cm 
height=35.2/640; %conversion of height pixels to cm 
pictureFormat = 'jpg'; 
bckg = 50; % length for background noise check frame 
 
showPic = 0; %type one for showing pictures while calculating 
cutUpper = 100; %pixels cut off from top for faster calculation 
cutLower = 100; %pixels cut off from bottom for faster calculation 
cutLeft = 30; 
cutRight = 30; 
th = 50; %color reference area height 
tw = 200; % color reference area width 
 
%read Excel file 
[numbers names] = xlsread(listFile); %names is array of cob names 
N = length(names); %number of cobs 
 
% call Code 2 to calculate traits for all pictures 
i = 1; 
while i <= N 
 picturename1 = [pictureFolder,names{i},'A']; 
 picturename2 = [pictureFolder,names{i},'B']; 
 [volume1(i) volume2(i) volume(i) maxDiam1(i) maxDiam2(i) minDiam1(i) minDiam2(i) meanDiam1(i) 
meanDiam2(i) meanDiam(i)... 
 length1(i) length2(i) lengthtot(i) bg_check(i)] = 
cobvolume(picturename1,picturename2,pictureFormat,numbers(i),showPic,cutUpper,cutLower,cutL
eft,cutRight,th,tw); 
 i = i+1 
end 
  
%write result file 
121 
 
xlswrite(resultFile,{'Cob','Volume1','Volume2','Volume','Max diameter1','Min diameter1','Mean 
diameter1',... 
 'Max diameter2','Min diameter2','Mean diameter2','Mean 
diameter','Length1','Length2','Length','Background noise'},'A1:O1'); 
xlswrite(resultFile,{names{:}}',['A2:A',num2str(N+1)]); 
xlswrite(resultFile,volume1(:),['B2:B',num2str(N+1)]); 
xlswrite(resultFile,volume2(:),['C2:C',num2str(N+1)]); 
xlswrite(resultFile,volume(:),['D2:D',num2str(N+1)]); 
xlswrite(resultFile,maxDiam1(:),['E2:E',num2str(N+1)]); 
xlswrite(resultFile,minDiam1(:),['F2:F',num2str(N+1)]); 
xlswrite(resultFile,meanDiam1(:),['G2:G',num2str(N+1)]); 
xlswrite(resultFile,maxDiam2(:),['H2:H',num2str(N+1)]); 
xlswrite(resultFile,minDiam2(:),['I2:I',num2str(N+1)]); 
xlswrite(resultFile,meanDiam2(:),['J2:J',num2str(N+1)]); 
xlswrite(resultFile,meanDiam(:),['K2:K',num2str(N+1)]); 
xlswrite(resultFile,length1(:),['L2:L',num2str(N+1)]); 
xlswrite(resultFile,length2(:),['M2:M',num2str(N+1)]); 
xlswrite(resultFile,lengthtot(:),['N2:N',num2str(N+1)]); 
xlswrite(resultFile,bg_check(:),['O2:O',num2str(N+1)]); 
Code 1 (comments are preceded by %) 
global diamlimit width height thresh bckg  
%makes defined variables available to MATLAB environment 
 
listFile = 'C:\Users\..\filename;  
%list: 1st collumn cob name, letters and evt numbers 
resultFile = 'C:\Users\..\resultsfile'; 
pictureFolder = 'C:\..\picturefolder\';  
%pictures named cob name + A or B 
pictureFormat = 'jpg'; 
 
thresh = 70 ; %sensitivity for background separation 
 
diamlimit=5; %minimum for diameter in pixels, smaller are ignored 
 
width=35.2/640; %conversion from pixel to cm 
height=35.2/640; %conversion from pixel to cm 
 
showPic = 1; %0 for hide pic, 1 for show 0 for nor show (much faster) 
 
%descrease picture size for faster calculation (useful with small cobs) 
cutUpper = 100; %cut off from top (pixel number) 
cutLower = 150; %cut off from bottom (pixel number) 
cutLeft = 50; %cut off from left (pixel number) 
cutRight = 30; %cut off from right (pixel number) 
 
th = 50; %color reference area height 
tw = 100; %color reference area width 
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bckg = 5; %width for frame used to check background noise (cob pixel in %background or border in 
case of wrong detection or too long cobs or other %inference 
 
 
%read Excel file to check if all pictures are in folder 
[numbers names] = xlsread(listFile); %names is array of cob names 
N = length(names); %number of cobs 
 
%go through the files to check, change at i= "last number that was found 
%when checking for all pictures 
%i = 1; %picture number start 
%while i <= N %N is picture number stop 
% picturename1 = [pictureFolder,names{i},'A']; 
% picturename2 = [pictureFolder,names{i},'B']; 
% pic1 = imread(picturename1,pictureFormat); 
% pic2 = imread(picturename2,pictureFormat); 
% i = i+1 
%end 
 
% picture analysis 
i = 1; %picture number start 
 while i <= N %N is picture number stop 
 picturename1 = [pictureFolder,names{i},'A']; 
 picturename2 = [pictureFolder,names{i},'B']; 
 [volume1(i) volume2(i) volume(i) maxDiam1(i) maxDiam2(i) minDiam1(i) minDiam2(i) meanDiam1(i) 
meanDiam2(i) meanDiam(i)... 
 length1(i) length2(i) lengthtot(i) bg_check(i)] = 
cobvolume(picturename1,picturename2,pictureFormat,numbers(i),showPic,cutUpper,cutLower,cutL
eft,cutRight,th,tw); 
 i = i+1 
 end 
 
%write result file 
xlswrite(resultFile,{'Cob','Volume1','Volume2','Volume','Max diameter1','Min diameter1','Mean 
diameter1',... 
 'Max diameter2','Min diameter2','Mean diameter2','Mean 
diameter','Length1','Length2','Length','Background noise'},'A1:O1'); 
xlswrite(resultFile,{names{:}}',['A2:A',num2str(N+1)]); 
xlswrite(resultFile,volume1(:),['B2:B',num2str(N+1)]); 
xlswrite(resultFile,volume2(:),['C2:C',num2str(N+1)]); 
xlswrite(resultFile,volume(:),['D2:D',num2str(N+1)]); 
xlswrite(resultFile,maxDiam1(:),['E2:E',num2str(N+1)]); 
xlswrite(resultFile,minDiam1(:),['F2:F',num2str(N+1)]); 
xlswrite(resultFile,meanDiam1(:),['G2:G',num2str(N+1)]); 
xlswrite(resultFile,maxDiam2(:),['H2:H',num2str(N+1)]); 
xlswrite(resultFile,minDiam2(:),['I2:I',num2str(N+1)]); 
xlswrite(resultFile,meanDiam2(:),['J2:J',num2str(N+1)]); 
xlswrite(resultFile,meanDiam(:),['K2:K',num2str(N+1)]); 
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xlswrite(resultFile,length1(:),['L2:L',num2str(N+1)]); 
xlswrite(resultFile,length2(:),['M2:M',num2str(N+1)]); 
xlswrite(resultFile,lengthtot(:),['N2:N',num2str(N+1)]); 
xlswrite(resultFile,bg_check(:),['O2:O',num2str(N+1)]); 
Code 2 for MATLAB 
function [volume1 volume2 volume maxDiam1 maxDiam2 minDiam1 minDiam2 meanDiam1 
meanDiam2 meanDiam length1 length2 lengthtot bg_check] ... 
 
=cobvolume(picturename1,picturename2,type,number,showPic,cutUpper,cutLower,cutLeft,cutRight,
th,tw) 
global diamlimit width height thresh bckg 
% 1 red, 2 green, 3 blue as color code 
  
%initial values 
volume1 = NaN; volume2 = NaN; volume = NaN;  
maxDiam1 = NaN; maxDiam2 = NaN; 
minDiam1 = NaN; minDiam2 = NaN;  
meanDiam1 = NaN; meanDiam2 = NaN; meanDiam = NaN;  
length1 = NaN; length2 = NaN; lengthtot = NaN; 
  
if number > 0 
 %read picture 1 
 picture1=imread(picturename1,type); 
 [m n o]=size(picture1); 
 picture1 = picture1(cutLower:m-cutUpper,cutLeft:n-cutRight,:); 
 m = m - cutUpper - cutLower +1; 
 n = n - cutLeft -cutRight +1; 
  
 % analyze reference window 
 sum_test = zeros(1,1,3); 
 avg = sum_test;  
 for i=1:th 
 for j=1:tw 
 sum_test(1,1,:) = sum_test(1,1,:)+double(picture1(i,j,:)); 
 end 
 end 
 avg = sum_test/(th*tw); 
  
%make the background pixels value zero and cob pixels value 1 for pic1 
 
for i=1:m 
 for j=1:n 
 if (sqrt((double(picture1(i,j,:))-avg(1,1,:)).^2)<thresh)  
 picture1(i,j,:)=0; 
 else 
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 picture1(i,j,:)=1; 
 end 
 end 
 end 
  
 %show the black and white picture 1 
 if showPic == 1 
 pictureShow = (picture1)*250; 
 figure(1) 
 image(pictureShow) 
 end 
 %background check 
 bg_check = sum(sum(picture1(1:bckg,:,1))) + sum(sum(picture1(m-bckg:m,:,1))) + 
sum(sum(picture1(:,1:bckg,1))) + sum(sum(picture1(:,n-bckg:n,1))); 
 %find the radius array of pic1 
 radius1=0; 
 h=0; 
 volume1=0; 
 for j=1:n 
 if sum(picture1(:,j,1))>diamlimit 
 h=h+1; 
 radius1(h)=sum(picture1(:,j,1))*height/2; 
 volume1=volume1+pi*radius1(h)^2*width; 
 end 
 end 
  
 length1 = length(radius1)*width; 
 maxDiam1 = 2*max(radius1); 
 minDiam1 = 2*min(radius1); 
 meanDiam1 = 2*mean(radius1); 
 volume = volume1; 
 lengthtot = length1; 
 meanDiam = meanDiam1; 
  
 if number > 1 
 %read picture 2 
 picture2=imread(picturename2,type); 
 [p q r]=size(picture2); 
 picture2 = picture2(cutLower:p-cutUpper,cutLeft:q-cutRight,:); 
 p = p - cutUpper - cutLower + 1; 
 q = q - cutLeft -cutRight +1; 
  
 %make the background pixels value zero and cob pixels value 1 for pic2 
 sum_test = zeros(1,1,3); 
 avg = sum_test; 
 for i=1:th 
 for j=1:tw 
 sum_test(1,1,:) = sum_test(1,1,:)+double(picture2(i,j,:)); 
125 
 
 end 
 end 
 avg = sum_test/(th*tw); 
 for i=1:p 
 for j=1:q 
 if (sqrt((double(picture2(i,j,:))-avg(1,1,:)).^2)<70) 
 picture2(i,j,:)=0; 
 else 
 picture2(i,j,:)=1; 
 end 
 end 
 end 
  
 %show the black and white picture 2 
 if showPic == 1 
 pictureShow = (picture2)*250; 
 figure(2) 
 image(pictureShow) 
 end 
 %background check 
 bg_check = bg_check + sum(sum(picture2(1:bckg,:,1))) + sum(sum(picture2(m-bckg:m,:,1))) + 
sum(sum(picture2(:,1:bckg,1))) + sum(sum(picture2(:,n-bckg:n,1))); 
 %find the radius array of pic2 
 radius2=0; 
 h=0; 
 volume2=0; 
 for j=1:q 
 if sum(picture2(:,j,1))>diamlimit 
 h=h+1; 
 radius2(h)=sum(picture2(:,j,1))*height/2; 
 volume2=volume2+pi*radius2(h)^2*width; 
 end 
 end 
  
 minlength=min(length(radius1),length(radius2)); 
 maxlength=max(length(radius1),length(radius2)); 
 volume=0; 
 for i=1:minlength 
 volume=volume+radius1(i)*radius2(i)*pi*width; 
 end 
 for i=minlength+1:maxlength 
 if maxlength==length(radius1) 
 volume=volume+radius1(i)^2*pi*width; 
 else 
 volume=volume+radius2(i)^2*pi*width; 
 end 
 end 
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 length2 = length(radius2)*width; 
 maxDiam2 = 2*max(radius2); 
 minDiam2 = 2*min(radius2); 
 meanDiam2 = 2*mean(radius2); 
 lengthtot=(length1+length2)/2; 
 meanDiam = (meanDiam1+meanDiam2)/2; 
 end 
end 
return 
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